Simulation of nitrogen release from organic materials in the soybean/wheat cropping systems on Vertisols in central India by Mohanty, Monoranjan
  
 
 
 
Simulation of nitrogen release from organic materials in the 
soybean/wheat cropping systems on Vertisols in central India 
 
Monoranjan Mohanty 
MSc 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2015 
School of Agriculture and Food Sciences 
  
ii 
 
 
Abstract  
The soybean (Glycine max L.)-wheat (Triticum aestivum, L.) cropping system is the 
dominant cropping system on Vertisols of Madhya Pradesh in central India, but the yield of 
soybean has been decreased significantly over recent years due to biotic and abiotic 
factors. The yield of wheat following soybean in this region is also governed by the 
availability of irrigation water. So managing this cropping system in terms of nutrient and 
water in Vertisols is important for soybean and wheat production. The proposed research 
work was undertaken to analyze N release from different organic materials like rice (Oryza 
sativa, L.) and wheat straw, green manure (like Gliricidia) and farmyard manure (FYM), 
modeling N release using APSIM (Agricultural Production System Simulator). The APSIM 
model has been calibrated for first time for Indian FYM, and also tested for the soybean-
wheat cropping system permitting prediction of N release from organic amendments 
varying in C/N ratios and biochemical properties.  
A laboratory incubation experiment was carried out for 98 days at 30º C under 
aerobic conditions to study the effects of rice and wheat straw applied at 5 and 10 g kg-1 to 
a Vertisol soil in the presence or absence of additional N (as urea). The study showed an 
interactive effect between the rate of application of the residues and additional mineral N. 
Without additional N, the mineral N in soil was completely immobilised within two weeks, 
irrespective of the rate of application; initial net immobilisation was limited by the 
availability of N and was independent of residue rate. When additional N was supplied, 
initial net immobilisation was dependent on the rate of application of the residue.  
We used the APSIM SoilN module to simulate N mineralisation from high C/N ratio 
crop residues, and compared the predictions with the observed data from our incubation 
study and other published data sets. Model performance was generally satisfactory with a 
modelling efficiency of 0.82. The major discrepancy between the modelled and the 
observed data was a tendency for the model to underestimate the initial rate of 
immobilisation.  
Application of Gliricidia induced N mineralisation from the start of incubation period, 
with the amount of N mineralised increasing with rate of application. In contrast, 
application of FYM resulted in immobilisation of mineral N in soil, irrespective of the rate of 
application. The initial net immobilisation from FYM was limited by availability of N in the 
soil for the higher rate of application. The prediction of N mineralised from Gliricidia by the 
APSIM N module was better than FYM. For better understanding of the influence of FYM 
composition on the rate and extent of N mineralisation, it was necessary to parameterise 
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the model based on the FYM composition. Water soluble C and N components were used 
to specify the conceptual pool FPOOL1 and the measured lignin content to specify the C 
content of FPOOL3. Using these values and an iterative approach to identifying an 
appropriate value for FPOOL2, a more accurate prediction was obtained. The 
performance of APSIM model in simulating the N mineralisation from different rates of 
Gliricidia and FYM was satisfactory once appropriately parameterised. The ability to 
include this type of simulation of soil processes in crop simulation modelling could provide 
viable options for optimizing N management strategies involving utilization of crop 
residues, green manures and FYM in cropping systems.  
The APSIM model was parameterised for soybean (cv JS 335) and wheat (cv 
Sujata), the dominant cultivars used in the soybean-wheat cropping system in Madhya 
Pradesh. The model was validated for this system using data from a long-term fertiliser 
experiment involving use of organic and inorganic sources of N. The model prediction of 
grain yield and N uptake for soybean under inorganic and organic treatments was 
satisfactory. For wheat, the model predicted grain yield and N uptake well in all 
treatments. The discrepancy between the observed and predicted data was attributed to 
the effects of factors such as diseases and pests, which were not considered by the 
model. In wheat, the predicted crop yield was most strongly influenced by variation of 
amount of irrigation and N used during its growing season.  
After the model was parameterised and validated, the use of the model in long-term 
simulation of grain yield of soybean and wheat, N (from organic, inorganic and integrated 
sources) and water management of soybean-wheat system was studied. Using the model, 
it was possible to assess the soil and crop management strategies, like optimum dates of 
sowing, irrigation amount and timing, and manipulating the application of irrigation water 
based on availability and FYM as N source. Simulation suggested that application of FYM 
to soybean resulted in greater wheat yield and smaller N losses in soybean-wheat system. 
Integrated use of FYM and inorganic fertiliser-N reduced the loss of N from the system. 
The simulation study also indicated the frequency and amount of FYM to be applied in 
order to maintain long-term yield sustainability of the system. 
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Chapter 1 
1.1. Introduction 
Since ancient times, farmers have recognised the value of organic amendment 
inputs, such as crop residues and manures, to enhance crop yields. Organic amendments 
contribute to plant growth through beneficial effects on the physical, chemical, and 
biological properties of the soil, including (i) provision of carbon (C) energy source for soil 
microbes, (ii) improved soil aggregation, (iii) retention of nutrients and water, (iv) provision 
of nutrients through mineralisation, and (v) reduction of soil compaction. Nitrogen (N), the 
most commonly limiting plant nutrient, depends on the decomposition of soil organic 
matter (SOM) for its availability in soil, as more than 95% of soil N is present in organic 
form. The amount of SOM in cropped soil is controlled by the balance between additions 
of crop residues and manures and losses by decomposition. Both additions and losses 
are directly affected by management practices and environmental conditions. Under 
tropical conditions, SOM is rapidly lost through accelerated oxidation due to hot and moist 
conditions. Rapid loss of SOM can be avoided through appropriate agronomic practices 
that include retention of crop residues. 
 Crop residues with a low C/N ratio tend to exhibit net N mineralisation, while 
residues with a high C/N ratio exhibit immobilisation.  In farming systems where the straw 
remains on the field after harvest, its rapid decomposition is important to minimize 
negative effects on the following crops caused by N immobilisation. In the Indian rice-
wheat (Oryza sativa-Triticum aestivum) cropping system where mechanical harvesting is 
practised (e.g., the rice-wheat cropping system in the Indo-Gangetic plains of India), a 
large quantity of crop residue is left in the field. The presence of a large quantity of high 
C/N ratio crop residue obtained from both the crops influences the N management in the 
cropping system. Rice straw has little value as cattle feed, and is readily available in 
quantities varying from 2 t ha-1 to 5 t ha-1. Proper fertiliser management practices can 
reduce N-immobilisation due to incorporation of crop residues into the soil. Yield 
depression following straw incorporation has been mitigated by adding inorganic N. So, 
prediction of C and N mineralisation from crop residues in soil is important for intensive 
agriculture as well as in low input farming systems, which depend more on nutrient 
recycling than external inputs. Determining the N dynamics is also important to optimize 
residue management for maximum crop production. 
 Nitrogen mineralisation from crop residues and farmyard manure (FYM) is 
influenced by the ratios of chemical components such as C to N, cellulose and 
hemicelluose, lignin and polyphenols. Organic amendments with similar C/N ratios may 
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mineralize different amounts of N because of differences in composition that are not 
directly proportional to the C/N ratio. Because C/N ratio by itself cannot explain all 
differences in N mineralisation, much effort has been spent on characterizing the different 
compounds, or groups of compounds, present in organic amendments. 
 If simulation models are to be useful in helping to manage nutrients from cropping 
systems that use FYM, the models must be able to reliably describe the release of N from 
these sources. Numerous experiments have shown that high N plant materials, such as 
legume residues (green manures), decompose much faster than N-poor plant materials 
such as cereal straw (rice and wheat straw). While models differ in the pool structure used 
to describe the decomposition of organic inputs with the pools differing in their rates of 
decomposition, the widely used assumption that all pools have the same C/N ratio results 
in the failure of the models to adequately represent the observed release of N from 
organic amendments. Better understanding of the influence of organic amendment 
composition on the rate and extent of N mineralisation, and subsequently parameterizing 
the model based on composition, is necessary if organic amendments like FYM and green 
manures are to be optimally utilized in crop production systems. 
 A crop growth simulation model can represent the effects of weather, soil water, 
and N dynamics in the soil on growth and yield for the specified cultivar. Thus the model 
can be used as a tool to better understand the processes involved in crop production and 
to manage the agricultural system. The APSIM (Agricultural Production System Simulator) 
model is one such cropping system model which can be used for assessing crop growth, 
yield, and water and N dynamics in the soybean-wheat system.  
Soybean-wheat production is the predominant cropping system of central India. 
Adoption of this cropping system has resulted in an increase in the cropping intensity, with 
a resultant increase in productivity. Despite its phenomenal growth in area sown, the 
average productivity of soybean has remained more or less at 1 t ha-1 due to several 
abiotic, biotic and socio-economic factors. These include crop management factors such 
as suboptimal use of nutrients, suboptimal planting time, poor plant population, and 
infestation with weeds, pests and diseases that limit productivity.  
Through the linking of crop growth with soil processes, APSIM is particularly suited 
for the evaluation of likely impacts of alternative management practices on the soil 
resource and crop productivity. The model has been used successfully in the search for 
strategies for more efficient production, improved risk management, crop adaptation, and 
sustainable production. The capacity to simulate crop growth in response to application of 
organic and inorganic sources of N provides an opportunity to simulate crop production in 
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semiarid tropical central India where efficient use of both the sources of organic and 
inorganic nutrient is required. 
This thesis reports a sequence of work intended to: optimize the APSIM SoilN 
module for the types of crop residues and FYM encountered in central India, parametrize 
and validate the model for the soybean-wheat cropping system, and finally employ the 
optimized model in an investigation of some aspects of the cropping system. The three 
key areas of this work were: 
(1) To synthesize data/development of datasets from existing trials/laboratory 
experiments compatible with the requirements of APSIM SoilN module. 
(2) To evaluate the current predictive performance of APSIM and to implement further 
modification of the SoilN Module based on an understanding of the 
experimental/laboratory data. 
(3) To study the capability of APSIM to predict N availability and subsequent crop 
growth following the addition of both organic and inorganic nutrient sources.  
(4) To apply APSIM model to investigate efficient N and water management of the 
soybean-wheat cropping system of Madhya Pradesh, central India. 
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Chapter 2 
Nitrogen mineralisation and availability in soils in relation to application of organic 
amendments: a review 
 
2. 1. Summary 
Nitrogen mineralisation from organic materials is a key process for understanding 
the N dynamics in terrestrial ecosystems. There are many factors controlling net N 
mineralisation and availability in soils from the decomposition of organic materials viz., 
C/N ratio and biochemical composition, soil water and temperature, and drying and 
rewetting cycles. The C/N ratio of the organic materials is considered an important factor 
governing decomposition and subsequent release of N due to organic N mineralisation. 
However, the decomposition process also depends on the biochemical composition of the 
materials. The C/N ratio, soil water supply and soil temperature are known to affect 
mineralisation, but together don’t satisfactorily explain total N mineralisation. Efforts have 
been made to characterize different organic compounds and group of compounds present 
in the organic amendments.  
Simulation modeling studies have been helpful in describing the pattern of N 
mineralised from various materials. In most models, the freshly added organic 
amendments have been partitioned into different conceptual pools; each pool is 
considered to be decayed at a specific rate, the coefficient of which is considered to be 
constant over time. The models have been partially successful in simulating N 
mineralisation patterns by modifying some of the pools structures from the complex 
materials such as compost and cattle manures. However, further study using complex 
simulation models is needed to simulate N mineralisation from these organic amendments.  
This work will yield an understanding of the mineralisation process which can then be 
used for decision making regarding N management in different crops and cropping 
systems. 
 
2.2. Introduction 
Nitrogen is commonly the most limiting plant nutrient. Availability of N in soil 
depends on the decomposition of organic matter as more than 95% of N is present in 
organic form (Brady and Weil, 2002). Mineral N supply from organic amendments 
depends on both the initial availability of inorganic N in the materials and also the 
mineralisation or immobilisation rate. This means that, at least initially, these materials can 
act as source or sink of plant available N. To successfully manage these amendments, it 
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is therefore necessary to quantify their decomposition rate and availability of N in soil 
(Ambush et al., 2002; Gabrielle et al., 2004). The N mineralisation-immobilisation process 
depends on a number of factors such as C/N ratio (Sikora and Szmidt, 2001), and the 
biochemical composition of organic amendments, such as cellulose, lignin and polyphenol 
concentrations (Palm and Sanchez, 1991; Hadayanto et al., 1994; Dinesh et al., 2001). 
Thus, the challenging task is that the rate and timing of application of organic 
amendments should be based on an estimate of their N-releasing characteristics.  
The potentially mineralised N from organic amendments is considered to be 
important when appropriate recommendations are made to meet N requirement of the 
crops (Logan, 1990). This is applicable to cropping systems where organic farming is 
practised (Pang and Letey, 2000), where fertilisers are available in limited quantity, and in 
situations where farmers cannot afford to purchase fertilisers (Palm et al., 2001). It will 
also be important where both inorganic and organic forms of nutrients are applied.  
Application of organic amendments to soil increases SOM. The SOM plays an 
important role in enhancing crop production and productivity (Causarano et al., 2006; 
Nissen and Wander 2003), and in potentially mitigating climate change (Lal, 2001; 
Powlson et al., 2011; Sommer and Bossio, 2014)). Thus, a decline in SOM can represent 
a serious reduction in soil fertility (Kirschbaum et al., 2008) and productivity (Magdoff and 
Ray, 2004). The decline in SOC could be slowed or in some situations could be reversed 
by utilization of organic amendments within cropping systems; either alone or integrated 
with mineral N (Doran et al., 1998; Haynes, 2000; Nardi et al., 2004; Monaco et al., 2008). 
On the other hand, use of manures/crop residues can minimize potential nitrate leaching 
as they can act as slow release fertilisers, often synchronizing N supply with plant demand 
(Aulakh et al., 2000a). Management of organic amendments in farming systems can help 
in improving N use efficiency, and maintenance of soil quality and farm productivity. In this 
review, the importance of the N mineralisation process, release of N from organic 
amendments based on their quality, factors affecting N mineralisation from soil and 
organic amendments, and modeling N mineralisation from decomposition of organic 
amendments in soils are reviewed. 
2.3. Mineralisation/Immobilisation: concept and N availability 
Mineralisation is the process of release of organically bound N to mineral form 
(NH4+, and NO3-). The first step in the process is called ammonification, the enzymatic 
process that involves the conversion of organic N compounds to NH4+. Heterotrophic 
microorganisms hydrolyze the organic N compounds producing the NH4+ ions (Brady and 
Weil, 2002). The enzymatic oxidation of NH4+ to NO3- by autotrophic bacteria 
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(Nitrosomonas and Nitrobacter) is known as nitrification. Mineralisation is always coupled 
with immobilisation which is a process of conversion of inorganic N ions (NH4+, and NO3-) 
into organic forms. Net immobilisation occurs when plant and animal residues low in N, 
are added to soils. However, immobilised N is likely to be available subsequently for 
mineralisation due to the turnover of the microbial population.  There is always competition 
between microbes and crop plants for assimilation of mineral N released by the 
decomposition process. The continuous transfer of mineralised N into synthesized organic 
matter, and the release of immobilised N back into inorganic forms, is known as 
mineralisation-immobilisation turnover (MIT) (Jansson and Persson, 1982). Immobilised N 
is primarily derived from the NH4+ pool; however, small organic compounds such as amino 
acids may also be immobilised by microbes (termed as the Direct Hypothesis, DIR) 
(Manzoni and Porporato, 2007; Manzoni et al., 2008). In MIT, all organic N is mineralised 
to NH4+ prior to assimilation by soil microbial biomass, thus, it is available for use both by 
the microbial biomass and plants. In the DIR scheme, simple amino acids are directly 
assimilated by the microbes, thus allowing them to retain the N they need, and only 
release the surplus N (Barak et al., 1990; Drury et al., 1991; Barraclough, 1997). Although 
MIT describes the mineralisation process at the macroscopic scale in certain soils (Hadas 
et al., 1992), the DIR scheme is physiologically more realistic, since it accounts for 
microbial assimilation of low molecular weight amino acids (Barak et al., 1990; Vinolas et 
al., 2001). However, it should be noted, that in heterogeneous soils mineralisation of 
organic N, and immobilisation of mineral N, occur simultaneously (Hadas et al., 1992; 
Saetre and Stark, 2005). Mineralisation predominantly occurs in N-rich micro-sites, while 
in N-poor micro-sites both mineral and organic sources of N are used, depending on their 
relative availability (Schimel and Bennett, 2004). The DIR scheme may be more suited to 
describe soils with both N-rich and N-poor micro-sites actively mineralizing N, while the 
MIT scheme may better model soils with N-poor micro-sites predominantly immobilizing 
the available mineral N. Thus, at the macroscopic level a combination of the DIR and MIT 
pathways is typically observed (Hadas et al., 1992; Garnier et al., 2003). This is referred to 
as the parallel hypothesis (PAR, Barraclough, 1997). To date, limited research has been 
carried out on this alternate hypothesis (Manzoni and Porporato, 2007). Manzoni and 
Porporato (2007) combined MIT and DIR pathways in a flexible model framework (parallel 
scheme), and concluded that models accounting for only the DIR pathway implicitly 
assume that microbes are superior competitors over plants, while models implementing 
only the MIT might be too sensitive to N-limitation of the microbial population. 
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Total release of NH4+ through microbial activity, prior to any immobilisation back 
into the organic forms, is termed gross mineralisation. The difference between gross N 
mineralisation and immobilisation constitutes net N mineralisation (or net N immobilisation). 
It is the net mineralisation that is measured or estimated as the gross mineralisation is 
difficult to measure. 
2.3.1. Carbon and nitrogen transformations during mineralisation 
Organic matter serves as a C and N source for microbial biomass synthesis, microbial 
biomass by-products and redox reactions. Microbes use organic C as an energy source, 
and for biomass synthesis. The catabolic metabolism of organic C generates CO2, water 
and energy. Organic N is used as electron donor molecules (oxidizing agent) and is 
converted into NH4+ (ammonification), an inorganic form of N. Subsequently, the NH4+ is 
assimilated by microbes, being re-transformed into the organic form, or further oxidized 
into NO3- (nitrification). The conversion of C and N in organic compounds into inorganic 
forms (mineralisation) is a normal consequence of aerobic respiration.  
Labile pools of SOM, (i.e. water soluble C released from the decomposition process) 
are important in controlling ecosystem productivity in the short-term, and are affected by 
soil management practices. The labile C pools degrade rapidly in soils (Jandl and Sollins, 
1997), and are immediate energy sources for microorganisms (Huang and Schoenau, 
1996). The turnover of both hot and cold water extracted SOM pools has been reported as 
a major pathway of nutrient cycling (Curtin et al., 2006). The concentration of dissolved 
organic C in soils has been reported to decrease consistently during the decomposition 
process, and has therefore been related to the process of stabilization by many 
researchers (Bernal et al., 1998; Chefetz et al., 1998; Zmora-Nahum et al., 2005). The 
conversion of solid organic matter into dissolved organic matter has been shown to be the 
rate limiting step to the supply of N (Cookson and Murphy, 2004; Jones et al., 2004) and is 
therefore likely to influence C and N dynamics in soil (Murphy et al., 2003). For example, 
Gibbs and Barraclough (1998) reported that addition of water soluble C to soils did not 
affect gross N mineralisation, but markedly increased immobilisation. They demonstrated 
that on addition of a labile-C fraction to soil, bacteria incapable of utilizing more complex 
organic substrates were able to utilize the labile form, resulting in higher rates of 
immobilisation. So, organic amendments varying in biochemical composition may 
influence the content of labile C during the decomposition process and thus, influence the 
availability of mineral N in the system. 
 The water soluble organic N (SON) is another important fraction in soil as a result 
of mineralisation. The SON, the most active part of soil N pool, is extracted from soil by 
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water or salt solutions (Murphy et al. 2000). Because of its high solubility, it can be taken 
up by crops directly or after transformation to mineral N (Zhou et al. 2005; Yang et al. 
2007). However, it can be easily lost in runoff or through leaching, leading to 
environmental pollution (Perakis and Hedin, 2002; Liu et al. 2005). Research into soil 
organic N mineralisation has focused on inorganic N, with limited consideration of SON in 
the leachates. However, some researchers have found 20.40 mg L-1 in the form of NO3-
plus NO2- and 0.08 mg L-1 NH4+ out of 21.03 mg L-1 total N in the drainage water collected 
at 150 cm depth which is a considerable SON in the leachates (Murphy et al. 2000), and 
thus, it is important to evaluate the SON content and its influence on N mineralisation. 
Jensen et al. (2005) reported a positive correlation (r = 0.76) between the initial net N 
mineralisation rate and SON content, for a broad variety of plant materials in soil. Water 
soluble C and N pools have been hypothesized to play a central role in the transport and 
supply of C and N to microbial populations in soils and thus, the regulation of subsequent 
microbially mediated N transformations (Cookson and Murphy, 2004). The water soluble C 
and N are reported to be sensitive to the impacts of management practices in soils such 
as fertilization, grazing and cultivation (Ghani et al., 2003) and tillage (Chen et al., 2009; 
Melero et al., 2011; Plaza-Bonilla et al., 2014). It has been suggested that changes in soil 
N mineralisation may be related to changes in functional diversity of the soil bacterial 
community (Calderon et al., 2001). However, the dynamics of C and N transformations are 
highly dependent upon the characteristics of the SOM. Organic matter is decomposed at 
different rates due to varying degrees of bioavailability of nutrients. The varying rates are 
indicative of disparate pools of C and N (Tachimoto, 1995; Bernal et al., 1998a). 
Decomposition rates decrease as the more labile fractions are metabolized first, followed 
by the more recalcitrant fractions. Rates of decomposition are often quantified by 
measuring the production of inorganic C (CO2) and N (total NH4+ and NO3-). 
 
2.4. Influences of the quality of organic amendments on nitrogen mineralisation in 
soil 
Many researchers have reported decomposition and nutrient release patterns from 
a variety of plant materials based on their nutrient contents and biochemical properties in 
agricultural systems (Cadisch and Giller, 1997; Heal et al., 1997; Mafongoya et al., 1998; 
Drinkwater et al., 1998) and in natural ecosystems (Wedin and Tilman, 1990; Hobbie, 
1992). From these reports, the decomposability of the materials and their N release 
patterns as influenced by their quality has been described in detail (Giller and Cadisch, 
1997; Palm et al., 1997, 2001; Vanlauwe et al., 2005).  
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The N release from organic materials is positively related to material’s initial 
composition (Fogel and Cromack, 1977; Berg, 1986). In early stages of decomposition, 
C/N ratio may be the best predictor of N release (Taylor et al., 1989), while lignin indices 
are important in later stages of decomposition (McClaugherty and Berg, 1987; Jalota et al., 
2006). According to Melillo et al. (1989), differences in initial organic material quality 
(lignin/N and lignin/cellulose) govern the decomposition and N mineralisation rate in the 
early stages of decomposition. However, as substrate quality decreases after loss of 
readily available/decomposable materials, the later stage of the decomposition process is 
also governed by water, temperature, and supplies of soluble C and N.  
 
2.4.1 Carbon-to-nitrogen ratio of the organic materials 
The heterogeneity of the organic materials may explain the different N 
mineralisation patterns. Nitrogen mineralisation depends on total N content 
(Constantinides and Fownes, 1994; Aulakh et al., 2000), form of N (Berg and Staaf, 1981; 
Silvapalan et al., 1985) and the C/N ratio (Aulakh et al., 2000; Trinsoutrot et al., 2000; 
Rowell et al., 2001) of the organic materials. It has been reported that net N mineralisation 
occurs if the N concentration of the material is above 2%, and immobilisation occurs below 
that concentration (Seneviratne, 2000). A large variation in C/N ratio can be expected from 
different sources of materials because of differences in species and age. The C/N ratio of 
the organic materials ranges from as low as 6.5 in composted chicken or pig manure 
(Castellanos and Pratt, 1981) to as high as 664 in sawdust (Huang et al., 2004). Earlier, 
Bartholomew (1965) reported that crop residues with a C/N ratio of less than 33 will 
provide net N mineralisation. Similarly other researchers suggested that organic materials 
with C/N ratio below 30 are expected to result in net N mineralisation, while materials with 
C/N ratio greater than 30 favour immobilisation (Harmsen and Van Schreven, 1955; 
Alexander, 1977). However, many reports (Castellanos and Pratt, 1981; Sims, 1986) 
suggest that immobilisation of N can still occur during decomposition of the organic 
manures with low C/N ratios.  
The effect of C/N ratio on mineralisation of different organic amendments viz., coir 
pith (Jothimani et al., 1997), crop residues (Janzen and Kucey, 1988; Hadas et al.,2004), 
canola (Brassica rapa), pea (Pisum sativum) and wheat residues (Soon and Arshad, 
2002), and manures (Chadwick et al., 2000) have been reported. However, these simple 
indices of degradability (total N concentration or the C/N ratio) are found to correlate with 
mineralised C and N at some stages of decomposition (Nicolardot et al., 2001), but not at 
most or all stages of decomposition, especially during the long-term (more than 6 months) 
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mineralisation of organic amendments. Clearly no consensus critical value of C/N ratio 
exists with different studies giving different values. These differing results may be due to 
incubation conditions (temperature, water and methodology followed etc.), and the type of 
amendments used as organic materials vary widely in biochemical properties. Organic 
manures can behave differently to plant materials, as manures vary widely in composition 
being a complex mixture of animal excreta (cattle, goat, pig or sheep) and plant residues 
(different plant species or different plant parts of same species such as leaves, stems and 
roots that have undergone varying degrees of composting (Lekasi et al., 2003). 
The existence of a range, instead of a single value for the break-even point is 
probably related to variation in the C/N ratio of the decomposing microbial biomass 
(bacterial versus fungi-dominated) as well as the existence of organic components with 
different susceptibility to decomposition. Organic materials with similar C/N ratios may 
differ in the amount of N being mineralised due to differences in biochemical properties 
that are not reflected by the C/N ratio of the material (Vanlauwe et al., 2005); for example 
different lignin contents. Since C/N ratio by itself cannot explain all differences in N 
mineralisation, biochemical characterization of organic materials is necessary to identify 
different compounds or groups of compounds. Some compounds such as soluble 
carbohydrates, polyphenols, cellulose, hemicellulose, proteins, and lignin-like chemical 
groups related to organic material decomposition have been identified (Thuriés et al., 
2002: Wang et al. 2004). 
In soil incubation studies of manures, many authors have reported initial N 
immobilisation followed by net mineralisation in experiments with application of low C/N 
ratio organic manures (Trehan and Wild, 1993; Olesen et al., 1997). However, the faecal 
samples studied by Delve et al. (2001), with C/N ratios in the range 20-27, showed more 
complex patterns of mineralisation; some organic materials showed initial net 
mineralisation followed by an extended period of immobilisation lasting for at least 16 
weeks of incubation. So, the organic manures’ quality (biochemical composition) is 
important for decomposition and net release of N. 
2.4.2. Biochemical composition of organic amendments 
Apart from C/N ratio of the organic amendments, the factors affecting N release 
include lignin and lignin-to-N ratio (Dinesh et al., 2001; Kumar and Goh, 2003; Flavel and 
Murphy, 2006), soluble polyphenols and polyphenols-to-N ratio (Oglesby and Fownes, 
1992; Constantinides and Fownes, 1994) and (lignin + polyphenol)-to- N ratio 
(Handayanto et al., 1994; Dinesh et al., 2001). It has also been found that the higher 
amount of cellulose in organic amendments augments the process of immobilisation in 
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rice straw (Allison and Klein, 1962; Kimber, 1973). Seneviratne (2000) defined universal 
chemical determinants controlling N release from the previously published data on litter 
quality in tropical agriculture, and reported that N content of the material and polyphenol/N 
ratios are determinants of the N release from plant residues with limited N concentrations, 
i.e. <2%. He also reported that lignin concentration and lignin/N ratios were not good 
predictors of N mineralisation. The litter decomposition rates and N release were related 
inversely to lignin and N-based estimates of initial litter quality. For example, high N 
content may actually retard litter decomposition rates later in the decomposition process, 
particularly if lignin levels are high (Berg and Matzner, 1997; Jalota et al., 2006). 
From the comparative review of data, critical values for different resource quality 
parameters which regulate the shift from net mineralisation to immobilisation have been 
proposed by various researchers (Palm and Rowland, 1997; Palm et al., 1997; Vanlauwe 
et al., 2005). They proposed that net N mineralisation is predicted for N concentrations 
greater than 2.5%, lignin values less than 15% and soluble polyphenols less than 4% 
(Table 2.1). The focus of the critical values has been on the short-term effects of organic 
additions on nutrient availability, but it could also serve as a framework for testing the 
long-term effects of organic resource quality on SOM maintenance and composition. 
According to Palm and Rowland (1997) and Palm et al. (1997), amendments can be 
grouped into categories where amendments in the high quality category can be applied 
directly as a substitute for mineral fertiliser, while those of intermediate-high quality, 
because of an initial and sometimes prolonged immobilisation of N, are not suitable for 
this purpose but have the potential for long-term build up of SOM (Table 2.1). The 
amendments in the two low quality categories both the intermediate-low amendments 
have low lignin resulting in a similar short-term N immobilisation to that in the intermediate-
high group, but its role in SOM formation is uncertain. The lowest quality group, with low N 
and high lignin or polyphenols results in long-term immobilisation but may also lead to the 
formation of SOM, particularly if additional N is supplied as high quality organic 
amendments or mineral fertiliser. 
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Table 2.1. Proposed categories of organic amendments based on N, lignin, and 
polyphenol contents and their hypothesized effects on nitrogen supply and soil 
organic matter (adapted from Palm et al., 2001 and Vanlauwe et al. 2005)  
 
Resource 
quality 
category 
Resource quality 
parameters (N, 
lignin, soluble 
polyphenols) 
(g kg-1) 
Nitrogen supplying 
capacity 
Soil organic matter 
formation 
 
High quality N>25, lignin<150 
and polyphenol <40 
High and 
immediate 
Little or negative 
effect on total 
SOM; increased 
active fraction (soil 
microbial 
biomass) 
Intermediate-
High quality 
N>25, lignin>150 or 
polyphenol>40 
Delayed, short or 
long term 
Increased 
particulate (light) 
and passive 
fractions 
Intermediate-
Low quality  
(Short-term) 
N<25, lignin<50 and 
polyphenol<40 
Low – short term 
immobilisation 
Little effect on total 
SOM 
 
Low quality  
(Long-term) 
N<25, lignin>150 or 
polyphenol>40 
Very low and 
possible long term 
immobilisation 
Increased 
particulate (light) 
and passive 
immobilisation 
fractions 
 
It is clear from these results that apart from C/N ratios of the materials, other composition 
variables are also important in the N mineralisation process. In a N mineralisation study 
from biosolids, wheat straw, paper fines and pine needle litters, Rowell et al. (2001) 
reported that net N mineralised was strongly positively correlated to alkyl-C content (r = 
0.86) but negatively correlated with C/N ratio (r = -0.76) of the materials. Additional 
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research work is needed to identify specific N compounds or groups of N compounds that 
affect N mineralisation in different organic materials. 
 Other properties of some organic amendments, such as heavy metal concentration, 
salt concentration in the tissue, and pH of the cell sap of the organic amendments and 
heavy metal contaminated and salt affected soils may also affect microbial activity and 
decomposition process and hence, N mineralisation (Vásquez-Murrieta et al., 2006; 
Scheid et al., 2009; Reddy and Crohn, 2014); Ciadamidaro et al., 2014). Additional 
research is required to understand the mechanisms involved in these processes. 
2.5. Nitrogen mineralisation from particulate organic matter 
Particulate organic matter (POM) is composed of fresh and partially decomposed 
plant residues (Liao et al. 2006; Yamashita et al. 2006), and fungal hyphae, spores, and 
fauna skeletons (Gregorich et al. 1994). It generally corresponds to the SOM particles in 
the range of 0.053 mm to 2 mm (Cambardella and Elliot, 1992). These particles are more 
susceptible to decomposition than the total SOM because these are not associated with 
mineral particles (Gregorich and Janzen 1995). They also contain a greater fraction of un-
decomposed C than the humus fraction (Baldock and Smernik 2002). So, POM is more 
sensitive to change than total SOM due to change in land management practices (Chan et 
al. 2002). POM accounts for 10-45% of soil organic C and 13-40% of soil organic N 
(Haynes, 2005). Compounds within the POM may be incorporated into the soil microbial 
biomass or other organic matter pools such as dissolved SOM or humus. Particulate 
organic matter is one of several measurable SOM pools used to model organic matter 
dynamics in soil (Skjemstad et al. 2004). Being labile, POM is a potential source for plant 
available nutrients. Therefore, it is important to understand short-term nutrient release 
from POM. Ha et al. (2008) reported that POM was shown to be a source of potentially 
available nutrients after addition of two plant residues with different quality and N status. In 
the unamended soil, stable nutrient amounts in POM suggested very low net nutrient 
release from native POM compared to POM after residue addition. 
2.6. Modelling N mineralisation kinetics in soil  
The N mineralisation kinetics in soil usually refers to the estimation of an active 
fraction (Jansson, 1963) of the total or organic N (termed as potentially mineralizable N) 
and a rate constant to predict the rate of mineralisation. Approaches to modelling N 
mineralisation kinetics may be classified into the following two main groups: simple 
functional approaches to predict net N mineralisation and mechanistic approaches for 
simulating mineralisation-immobilisation turnover in soils (Benbi and Richter, 2002). 
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2.6.1. Simple functional approaches 
In this approach, the model predicts net N mineralisation without considering 
ammonification and nitrification separately. They don’t take into account the basic 
processes influencing mineralisation. The model parameters are obtained by fitting N 
mineralisation values obtained during a specified incubation time under laboratory 
incubation. 
2.6.1.1. Single-compartment approach 
Stanford and Smith (1972) proposed using long-term (30 weeks) incubation under 
optimal temperature (35 ºC) and water (80 kPa tension) to determine the N mineralisation 
potential (N0) of the soil. They defined potentially mineralised N as the quantity of soil 
organic N mineralised at a rate (k) according to first-order kinetics:    
dN/dt = -kN         (1) 
where, N is the amount of N mineralised, and t is time. The first order kinetics model is 
based on the assumption that the rate of N mineralisation is proportional to the size of the 
mineralizable pool. Integrating equation (1) between time t0 and t yields: 
Nt = N0 exp (-kt)        (2) 
where, N0 is the initial amount of substrate or the potentially mineralisable N and Nt is the 
amount of N at time t. The equation may be modified by substituting Nt=(N0-Nm), where Nm 
is the N mineralised at time t, as: 
Nm = N0 (1- exp (-kt))       (3) 
Stanford and Smith (1972) used a linear regression with log-transformed data to estimate 
N0 and k values. Subsequently, Smith et al. (1980) and Talpaz et al. (1981) showed that 
the non-linear regression procedure is superior to the linear regression procedure. Using 
Eq. 3, Stanford and Smith (1972) estimated values of N0, the potentially mineralizable N at 
35°C, for 39 soils from the USA in the range of 18 to 305 mg kg-1 soil. Values of k ranged 
from 0.035 to 0.095 week-1 with an average of 0.054±0.009 week-1. Therefore, it was 
postulated that the potentially mineralizable N, N0, of different soils consists of similar 
forms of organic N representing a more or less discrete fraction of total organic N, and that 
the magnitude of N0 rather than k value indicates soil N mineralisation capacity (Stanford 
and Smith, 1972; Stanford et al, 1977). Similar average k values for soils have been 
reported by researchers from Chile (Oyanedel and Rodriguez, 1977) and Queensland in 
Australia (Campbell et al., 1981; Dalal and Mayer 1987). However, widely varying k values 
have been reported for different soils with a range from 0.035 to 0.382 (Beauchamp et al., 
1986; Marion and Black, 1987; El Gharous et al., 1990; Campbell et al., 1991). This 
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suggests that soils do differ in the amount of active organic N and also in their microbial 
turnover rate. 
Numerous studies have been conducted to relate N0 to soil properties (Singh et al. 
1996; Curtin and Wen 1999), environmental conditions (El-Gharous et al., 1990) and 
agricultural operations such as fertilization, tillage, cropping and organic waste application 
(Dalal and Mayer, 1987; Whalen et al. 2001). Although the value of the first-order model in 
describing N production kinetics is generally acknowledged for soils free from recently 
added high C/N ratio organic amendments, the usefulness of N0 in rating N mineralisation 
capacity of different soils has been questioned by many researchers due to the following 
substantive concerns: 
• The k values are not universal but differ significantly among different soils 
(Dendooven et al., 1995; Curtin and Wen, 1999). Therefore, N production may be 
under- or overestimated if a soil specific N0 and an average k value are used. 
• There is an apparent inverse relationship between k and N0 (Paustian and Bonde, 
1987). N0 increases and the k value decreases as the incubation time extends 
(Sierra, 1990; Dou et al. 1996). These findings cast doubt on the existence of a 
discrete mineralizable N pool of fixed size in the soil. 
The first-order kinetics model has been used to describe N mineralisation kinetics of soils 
under different land use, crop and climatic conditions (Hadas et al., 1986; Carter and 
Macleod, 1987; Cabrera and Kissel, 1988a). The inadequacy of the model in describing N 
mineralisation kinetics in soils has been reported by many researchers (Molina et al. 1980; 
Nuske and Richter, 1981; Diaz-Fierros et al., 1988; Matus and Rodriguez, 1994). In the 
curve fitting, there were systematic deviations between the estimated and observed 
values. The model under-estimated N mineralisation at the beginning and at the end of the 
incubation period, and overestimated it at intermediate times (Bonde and Rosswall, 1987; 
Seyfried and Rao, 1988). 
2.6.1.2. Multi-compartment approaches 
The single pool first order kinetics model has been modified to a model with more 
than one compartments / pools. Various authors reported that more than one fraction of 
soil organic N is involved in the mineralisation process, each with a specific rate of 
decomposition depending upon the nature of the pool (Van Veen and Frissel 1981; Deans 
et al. 1986). Each of these fractions is assumed to be mineralised according to first-order 
kinetics.  
In the multi-compartment approaches, two fractions of organic N, i.e., (i) easily 
decomposable, and (ii) the more resistant or recalcitrant plant materials, are mineralised at 
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different rates (Nuske and Richter 1981; Nordmeyer and Richter 1985; Deans et al. 1986). 
The easily decomposable plant material mineralizes at a faster rate than the recalcitrant 
plant material. This approach may be presented by a double exponential equation: 
Nm = Ndpm[1-exp (-kdpmt)] + Nrpm [1-exp (-krpmt)]   (4) 
Where Ndpm and Nrpm represent potentially mineralizable N in the easily decomposable 
and resistant organic N fractions and kdpm and krpm are the corresponding rate constants. 
Thus, the double exponential model was found to be superior to the single exponential 
model in describing N mineralisation (Deans et al. 1986; Cabrera and Kissel 1988a; Diaz-
Fierros et al. 1988). Increasing the number of pools sometimes improves the goodness of 
fit to incubation data, but it also increases the degree of indefiniteness of parameters. 
Dendooven et al. (1997) found that the pool sizes calculated with the double exponential 
model (Molina et al., 1980) varied with time and were often meaningless, with some of the 
pool sizes sometimes exceeding the total amount of organic N. Consequently, the single 
exponential model remains widely used. 
2.6.1.3. Mixed first- and zero-order kinetic approaches 
According to some researchers, with the incubation methods, it may not be feasible 
to estimate potentially mineralizable N in soils because the resistant fraction may, in fact, 
follow zero-order kinetics (Bonde and Rosswall 1987; Bonde et al. 1988; Seyfried and Rao 
1988). They suggested the use of a mixed first- and zero-order kinetic model (a form of 
the double exponential model) for N mineralisation study: 
Nm = N1[1 - exp (-k1t)] + Kt       (5) 
in which N1 represents the amount of N mineralised in the easily decomposable fraction at 
the start of incubation with k1 as the rate constant, and K is the zero-order rate constant. 
The first order-zero-order model has been used successfully in predicting the N 
mineralisation kinetics of semiarid soils in India by Singh et al. (2003) who concluded that 
a minimum of two pools of organic matter may be considered to contribute towards 
organic N mineralisation in these soils. The first-order term of the model was interpreted 
as accounting for pretreatment effects (e.g. air-drying). Therefore, some authors have 
suggested that in the absence of air-drying, i.e. in field-moist soils, net N mineralisation 
may be described by zero-order kinetics only, rather than by mixed first- plus zero-order 
kinetics (Tabatabai and Al-Khafaji 1980; Houot et al. 1989),  
Nm = Kt.         (6) 
However, other authors have demonstrated that first-order kinetic models can describe net 
N mineralisation in field-moist samples. Indeed, reassessment of the data of Tabatabai 
and Al-Khafaji (1980) shows that in some cases the cumulative N mineralised was not 
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linear with time. Mary et al. (1999) showed that size of the mineralisation pool can 
influence mienralisation pattern and according to them, the curve followed zero order 
kinetics whena small labile fraction of organic N is mineralised and first order kinetics 
when a larger less labile fraction is mineralised. 
The single and double compartment models are used to identify pools of 
mineralisable N within the organic amendments under consideration. The first-order kinetic 
model was found to be inadequate for the description of N mineralisation kinetics in soils 
treated with sewage sludge (Lindemann and Cardenas, 1984). In theory, these pools are 
of defined sizes that should not change with environmental conditions or with the 
procedure used to fit the models to the data. These pools and their rate constants in the 
exponential models are inversely related, and thus, curve fitting to the available data could 
be obtained by increasing one parameter while decreasing the other (Paustian and Bonde, 
1987). Research has shown that increasing the incubation period for N mineralisation can 
increase or decrease the pools, while decreasing or increasing the rate constants 
(Cabrera and Kissel, 1988a; Wang et al., 2003). 
The exponential models are unable to identify pools of defined and fixed sizes 
(Sierra, 1990; Dou et al., 1996; Dendooven et al., 1997). Fixing the rate constants while 
allowing the pools to vary to fit the data has been proposed by some researchers to 
overcome the problem (Wang et al., 2003). This approach has been used to identify pools 
of mineralizable N in SOM (Christensen and Olsen, 1998; Wang et al., 2003), and thus, 
helpful in identifying pools of mineralisable N in organic amendments. For example, in a 
soil incubation study with 15 poultry litter samples to measure net N mineralised, the rate 
constant of the slow pool did not vary significantly among samples, with an average value 
of 0.036 d-1 (Gordillo and Cabrera, 1997). Thus, it may be possible to use a fixed rate 
constant for the slow pool. In the same study, the rate constant for the fast pool varied 
among poultry litter samples, but because the large value of the constant (1.2 d-1) 
indicated that >97% of the fast pool mineralised within the first 3 d, it would seem that, for 
all practical purposes, an accurate determination of the rate constant would not be as 
important as an accurate determination of the size of the fast pool. In that study, the fast 
pool was strongly related to the uric acid content of the litter (r = 0.90). Thus, for poultry 
litter it may be possible to estimate the size of the slow pool of mineralisable N (Ns) by 
fitting the following model to mineralisation data:  
Nmin= Nf + Ns [1 - exp(-0.036t )]      (7) 
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Where Nmin is the amount of N mineralised and Nf is the fast pool estimated from the uric 
acid content of the litter, and t is time in days. Further research on similar approaches may 
prove productive with different organic amendments. 
2.6.2. Mechanistic approaches for simulating N mineralisation 
While simple functional approaches are designed to predict net N mineralisation 
with time, mechanistic approaches attempt to simulate gross mineralisation and 
associated immobilisation (viz. mineralisation-immobilisation turnover). These process-
based models attempt to include the best possible description of N kinetics involved in 
mineralisation-immobilisation study. Based on the understanding of organic matter 
decomposition in soil, hypotheses and assumptions about various processes are made to 
develop mathematical formulae for the decay process. 
The origin of computer simulation modeling of  C and N dynamics in soil dates back 
to the early 1970s with the first integrated soil-system models containing C and N cycling 
reported by Dutt et al. (1972) in the United States and by Beek and Frissel (1973) in 
Europe. These models were first to combine C and N cycling and related sub processes of 
a soil-crop-nutrient system into an integrated model. Since then, various models have 
been developed based on various soil properties each differing from others in various 
respects. Therefore, models differ in complexity of the conceptual pools considered for the 
decomposition process. 
2.6.2.1. Non-compartment models 
The non-compartment model has been developed and designed by Bosatta and 
Ågren (1985) and Ågren and Bosatta (1987). In this model, they considered 
decomposition of SOM as a continuum. Upon decay, the organic matter is assumed to 
move down a quality scale. The easily degradable organic matter is assumed to have a 
high quality (=1) while the most resistant material is considered to be of zero (=0) quality. 
Although this approach has obvious advantages over the pool approach, its mathematics 
are complex and are not popular with modellers.  
2.6.2.2. Models with conceptual SOM pools 
The decomposition of organic matter is simulated by defining different fractions of 
organic matter as functional pools, each with its specific quality as substrate for soil biota. 
Generally, small pools with high turnover rates (referred to as "decomposable" or "labile" 
or "active") and larger pools with slower turnover rates (referred to as "recalcitrant" or 
"resistant" or "slow") are distinguished (Jenkinson 1990; Hansen et al. 1991; Rijtema and 
Kroes 1991; Bradbury et al. 1993). 
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A range of soil C and N submodels were developed in conjunction with crop- and 
soil-focused models such as CENTURY (Parton et al., 1983), NCSOIL (Molina et al., 
1983), EPIC (William and Renard, 1985), CERES (Ritchie et al., 1986), NTRM (Shaffer 
and Larson, 1987), and LEACHM (Wagenet and Hutson, 1987) in the USA; and PAPRAN 
(Seligman and van Keulen,1981), SoilN (Johnsson et al., 1987), and ANIMO (Berghuij’s 
van Dijk et al., 1985) in Europe. Several other models were developed along with 
refinement of existing models that include N dynamic model reported by Bergstrom and 
Johnsson (1988), HERMES by Kersebaum (1989), DAISY by Hansen et al. (1991), 
NLEAP by Shaffer et al. (1991), SUNDIAL by Bradbury et al. (1993), GLEAMS by Knisel 
(1993), CANDY by Franko et al. (1995), ECOSYS by Grant (1997), and ICBM by Andren 
and Katterer (1997); along with refined version of NTRM (Radke et al., 1991); LEACHM 
(Hutson and Wagenet, 1992); CENTURY (Parton and Rasmussen, 1994); SoilN 
(EcKersten et al., 1996); and ANIMO (Groenendijk and Kroes, 1997). Detailed reviews of 
these models are provided by Shaffer et al. (2001), McGechan and Wu (2001) and Grant 
(2001). 
Some models consider microbial biomass as one of the defined pools (Jenkinson 
1990; Hansen et al., 1991; Whitmore et al., 1991) while others do not include it (Rijtema 
and Kroes, 1991). Some of the models with their pool structures and C/N ratio of pools are 
given in Table 2.2. In most decomposition models, the freshly added organic amendments 
(plant C and N) are partitioned into two or three conceptual pools e.g., metabolic pools 
(simple carbohydrates, nucleic acids, amino acids and proteins) and structural pool 
(cellulose, hemicelluloses and lignin) (Parton et al., 1987; Hansen et al., 1990). In some 
models, lignin is treated explicitly as a single pool because of its resistance to degradation 
(Parton et al., 1987; Verberne et al., 1990). In most of the models, each plant residue pool 
is considered to decay at a specific rate which is constant over time, uniform within each 
pool and across litter types, and determined by its inherent resistance to microbial attack 
(first-order rate kinetics) rather than by the biochemical potential of the decomposer 
community (Paustian et al., 1997). Some models contain a few organic matter pools 
(Bradbury et al., 1993; Kätterer and Andŕen, 2001), while others have multiple pools 
(Verberne et al., 1990), some have been specifically built to test hypotheses associated 
with the factors and processes controlling nutrient dynamics in soil (Hunt et al., 1985; Mary 
et al., 1998), others see food chains or predation as the most important feature 
(Rutherford and Juma, 1992; De Ruiter et al., 1993), but most models have fixed numbers 
of pools and thus, it is not easy to alter their structures. Exceptions are ANIMO (Rijtema 
and Kroes, 1991) and MOMOS (Pansu et al., 2004). 
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Another model, DNDC (DeNitrification and DeComposition) was developed to test 
the C and N dynamics in soils. It also estimates greenhouse gases (CO2, CH4 and N2O) 
and trace gases (N2, NO and NH3) in agroecosystems as affected by climate change and 
agricultural management practices (Li et al., 1992a, b; Li, 1996; Gilhepsy et al., 2014)). 
The SOM pools of DNDC model consist of several sub-pools (Table 2.2), each with its 
own C/N ratio and decomposition rate. The DNDC model has been extensively tested for 
N2O emission and other greenhouse gas emissions, and has shown reasonable 
agreement between observed and predicted data for many different agro-ecosystems 
such as grassland (Hsieh et al., 2005; Saggar et al., 2007), N2O emission and SOC 
storage in crop land (Yeluripati et al., 2006; Pathak et al., 2006; Tang et al., 2006), N 
uptake (Krobel et al., 2011) and forest ecosystems (Stange et al., 2000; Kesik et al., 2006; 
Haas et al., 2012). 
Henriksen and Breland (1999) have used a decomposition model, iteratively along 
with experimentation, as a tool to evaluate measurable criteria for describing degradability 
of crop residue C and N. To test the predictive performance of the model, Henriksen and 
Breland (1999) found that neutral detergent-soluble C (Van Soest analysis) was best 
correlated with the estimated pool (r=0.88), followed by water-soluble C (r=0.83) and C 
digestible in vitro in rumen fluid (r=0.81). In the model, they described the degradability of 
litter N on the basis of the measured C/N ratios of the litter pools. Henriksen and Breland 
(1999) also reported that the discrepancies between measured and estimated N 
mineralisation values in some of the crop residues during initial phase of decomposition 
was due to microbial N availability. They emphasized the need for more detailed 
knowledge of microbial N availability and requirement during the very dynamic initial 
phase.  
Many simulation models are unable to predict the N mineralisation patterns from 
various organic materials as the N patterns in these materials are complex and do not 
follow a definitive trend (Delve et al., 2001). It is because the availability of N from organic 
amendments varies according to the properties of the manures (Azeed and Van Averbeke, 
2010). The more detailed simulation of N mineralisation from different organic manures, 
taking into consideration the very dynamic initial phase, was undertaken by Probert et al. 
(2005). They reported that simulation models are capable of predicting N mineralisation 
pattern from plant materials where decomposition is governed by N concentration or C/N 
ratio of the materials. However, these models were unable to simulate N mineralisation 
patterns from the more complex materials like animal manures, or materials that exhibit 
initial immobilisation of N, even when the C/N ratio of the material suggests it should 
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mineralize N. The APSIM SoilN module (Probert et al. 2005) was modified so that the 
three pools that constitute added organic matter could be specified in terms of both the 
fraction of C in each pool and also their C/N ratios (previously it had been assumed that all 
pools have the same C/N ratio). The modified model was able to simulate complex 
patterns of N released from various organic sources as reported by Delve et al. (2001). 
The predicted ability of the model improved when the model was modified based on the 
size of the individual pools and pools C/N ratio. The modified model performance was 
better in simulating the N mineralisation from a range of feeds and faecal materials 
measured in an incubation experiment (Probert et al. 2005). Still more effort is needed to 
simulate N mineralisation from diverse organic manures, and from materials of varying 
C/N ratio and biochemical composition, under different rates of application. Moreover, the 
modified structural pools of the model should be able to simulate the N dynamics under 
different rates of application, and for the integrated use of organics with inorganic fertiliser 
nutrients. 
Sometimes, it is important to have simple but mechanistic SOM models developed 
and validated under field conditions (Bruun et al., 2003; Hong-jun et al., 2006). For 
example, the model CQSTER, which simulates the effect of soil cultivation practices on 
organic C stock, (Table 2.2.) requires a few input variables that are readily available (Leite 
et al., 2009). The SOM change is computed by addition of organic materials such as straw 
or amendments, and loss of organic C through microbial decomposition. In spite of 
CQSTER’s simplicity, few studies have used it in either temperate (Rickman et al., 2001; 
Hong-jun et al., 2006) or tropical regions (Leite et al., 2009). According to Leite et al. 
(2009) more studies are needed to evaluate the CQSTER model’s performance for 
simulating SOM dynamics in tropical soils. They suggested that model performance can 
be improved by inclusion of clay mineralogy and organic matter interactions with the clay 
fraction in soil.  
The NDICEA (Nitrogen Dynamics in Crop rotation in Ecological Agriculture) model 
(Table 2.2.) is a dynamic, process-based model that describes N and water dynamics, and 
N mineralisation and SOM dynamics in relation to weather and crop demand (Habets et al., 
1994; Koopmans and Bokhorst, 2002; Geert Jan et al., 2007). The core of the model is the 
decomposition module in which the N mineralisation process is described. The N 
mineralisation process is governed by the type and quantity of organic amendments 
applied to soils. For each type of organic amendment the C/N ratio and the apparent initial 
age (ranging from 1 for green plant to 24 years for SOM) are used as input. The model 
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has been used in a few cases under temperate conditions (Koopmans and Bokhorst, 2002; 
Geert Jan et al., 2007). 
 
Table 2.2. Functional pools of soil and added organic matter and their equilibrium 
C/N ratios considered in different models. SOM: Soil organic matter, AOM: added 
organic matter, OM: organic matter, DPM: Decomposable plant material, RPM: 
recalcitrant plant material, BIOM:  microbial biomass, HUM: Humus 
 
Model Functional pool C/N ratio References 
Century model Active SOM 8 Parton et al. (1987) 
Slow SOM 11 
Passive SOM 11 
Structural AOM 150 
Metabolic 10-25 
Rothamsted 
model (RothC 
model) 
DPM - Jenkinson (1990); 
(Coleman and Jenkinson, 
1996) 
RPM - 
Microbial biomass - 
Humified OM - 
Inert OM 
Roots 
Litter (plant residue and 
roots) 
Faeces 
- 
25 
60 
50 
DAISY Soil microbial biomass pool 1 6 Hànsen et al. (1991), 
Müeller et al., (1996) Soil microbial biomass pool 2 10 
Non-living native SOM pool 1 11 
Non-living native SOM pool 2 11 
Added organic matter 1 100 
Added organic matter 2 - 
ANIMO Fraction 1 16 Rijtema and Kroes (1991) 
Fraction 2 12 
Fraction 3 58 
Fraction 4 76 
Fraction 5 76 
Fraction 6 24 
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Fraction 7 24 
SWATNIT Litter 8 Vereecken et al. (1991) 
Manure 10 
Humus 12 
EPIC Stable humus <12 Williams et al. (1983); 
Izaurralde et al. (2006) Fresh organic N - 
Active organic N 12-25 
NDICEA Fresh organic matter pool - Janssen (1984); 
Koopmans and Bokhorst 
(2000, 2002) and Geert 
Jan et al. (2007) 
Young organic matter pool - 
Old organic matter pool - 
PASTIS Fresh, soluble and humified 
organic matter with two living 
pools 
 Coppens et al. (2004, 
2006) 
NCSOIL Residue pool 
Pool I labile 
Pool I resistant 
Pool II labile 
Pool II resistant 
Pool III (stable humus) 
 
6 
6 
6 
6 
12 
Molina et al. (1983) 
DNDC Very labile litter 
Labile litter 
Resistant litter 
Labile microbial biomass 
Resistant microbial biomass 
Labile humads 
Resistant humads 
Passive humads 
2.35 
20 
20 
8 
8 
8 
8 
Li et al. (1992a,b); Li 
(1996) 
APSIM Fresh organic matter 
BIO 
HUM 
Variable 
8 
Derived 
from the 
C/N ratio of 
soil 
McCown et al. (1996); 
Keating et al. (2003) 
 
 
24 
 
The one dimensional mechanistic model PASTIS (Prediction of Agricultural Solute 
Transformations In Soils; Lafolie, 1991) has been used as decomposition model and crop 
residue mulch model by some researchers under temperate conditions (Coppens et al., 
2004; Garnier et al., 2003; Findeling et al., 2007; Coppens et al., 2006). The processes 
such as organic matter decomposition, N mineralisation and immobilisation, nitrification, 
and humification are considered in this model. The SOM is divided into three non-living 
organic pools: fresh, soluble, and humified organic matter, and two living pools. The 
PASTIS model has been evaluated for N mineralisation from different organic 
amendments application in soils viz., wheat straw (Garnier et al., 2003); mulch/surface 
residues (Findeling et al., 2007) and different tillage systems (Oorts et al., 2007). In their 
studies, the model was capable of simulating the dynamics of residue decomposition and 
N mineralisation. However, the applicability of the model has not been tested under field 
conditions. 
Kersebaum et al. (2007) summarized the results of thirteen dynamic N simulation 
models applied to common datasets from Germany. The wide differences between 
different model approaches for simulating various N processes showed that there is still a 
need for further research and model improvement although model performance was good 
in some cases. Since the data input requirements for models are different depending upon 
the structure of the models, it is impossible to compare different models (Kersebaum et al., 
2007). Moreover, the analysis of model behaviour concerning different processes 
demonstrated differences between the approaches and discrepancies within the model 
results. 
2.7. Effects of methodology on N mineralisation kinetics 
2.7.1. Soil pretreatment 
2.7.1.1. Air-drying 
In laboratory N mineralisation studies, air-dried soil samples are generally used for 
incubation. The samples are then rewetted prior to the initiation of incubation. However, 
air drying of soils alters N mineralisation patterns, thus greater N flush is recorded during 
the initial phase of incubation process (Ross et al., 1979; Seneviratne and Wild, 1985). 
Nitrogen mineralisation flush depends on several factors. One of such factors is the SON 
with a high decomposition rate in air dried-rewetted samples (Nordmeyer and Richter, 
1985). Drying the soils kills microbial biomass. On rewetting, the dead microbial biomass 
becomes mineralised rapidly leading to a greater mineralisation flush (Nordmeyer and 
Richter, 1985; Kieftet al., 1987; Van Gestel et al., 1991). 
2.7.1.2. Grinding and sieving 
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In addition to air-drying, grinding and sieving of soil samples can increase N 
mineralisation in the soil. The breakdown of micro-aggregates in soils during grinding and 
sieving causes a higher amount of N to be released in disturbed samples, compared to 
undisturbed ones. The disruption of soil aggregates can increase organic N mineralisation 
(Craswell et al., 1970; Hiura et al., 1976) by exposing the SOM which was protected from 
microbial attack (Franzluebbers, 1999; Kristensen et al., 2000; Oorts et al., 2006). This 
physically protected organic matter has a lower C/N ratio than the rest of the SOM 
(Hassink, 1992) and is thus rapidly mineralizable. Physical disturbance in soil structure 
(through tillage or dry/wet cycles) has been observed to result in loss of organic matter 
(Elliot, 1986; Beare et al., 1994; Six et al., 2000a). Thus, disturbances, which affect the life 
time of soil aggregates, or change their architecture, may accelerate the C and N 
mineralisation rate (Baldock and Skjemstad, 2000; Six et al., 2002). 
The physical protection of SOM (Six et al., 2000a; Denef et al., 2001; Zotarelli et al., 
2007; Ashman et al., 2009) retards the aggregate-C being mineralised.  An increase in net 
N mineralisation after fine sieving (Hassink, 1992) and rapid mineralisation in sandy soils 
in comparison to clay soils (Verberne et al., 1990) are considered due to physical 
protection of SOM. The lower net mineralisation in clay soils is due to greater physical 
protection of SOM from microbial attack (Verberne et al., 1990) as a larger proportion of 
readily mineralizable organic N is entrapped in micro-aggregates than in macro-
aggregates (Craswell et al., 1970; Cameron and Posner, 1979), and due to the relatively 
complex chemical structure of organic matter in small aggregates as it bonds with mineral 
particles (Buyanovsky et al., 1994). Clays facilitate the formation of micro-aggregates and 
thus protect the SOM from microbial decay (Edwards and Bremner, 1967; Tisdall and 
Oades, 1982; Elliott and Coleman, 1988). Soil texture also plays an important role in C 
accumulation between aggregates; i.e. with increasing clay content and the amount of 
physically protected organic C in aggregates increases (Kölbl and Kögel-Knabner, 2004). 
2.7.2. Incubation methods and experimental conditions during incubation 
The incubation methods such as soil water, temperature during incubation, volume 
of leaching solution used, dissolved organic C and N in the leachate, length of incubation 
etc., all affect N0 and the N mineralisation dynamics. 
2.7.2.1. Effect of soil water on N mineralisation kinetics 
The N mineralisation process is governed by heterotrophic bacteria and fungi. Soil 
water is an important factor that determines N mineralisation rate by regulating O2 
diffusion in soils. The maximum aerobic microbial activity occurs at 60% of the water 
holding capacity (Franzluebbers, 1999). Low water levels reduce diffusion of soluble 
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substances (Griffin, 1981; Schjønning et al., 2003), and thus inhibit microbial activity in soil 
(Killham et al., 1993) and intracellular water potential (Csonka, 1989; Stark and Firestone, 
1995). Water potentials between -0.01 MPa and -0.03 MPa, and a temperature around 
35°C, are considered optimum for N mineralisation from SOM (Tuomi et al., 2008; Lellei-
Kovács et al., 2011). However, there exists an interactive effect of water and temperature 
on N mineralisation. The effect of water on microbial activity is enhanced at higher 
temperatures (Quemada and Cabrera 1997). De Neve and Hofman (2002) reported that 
net mineralised N from fresh carrot (Daucus carota) leaves increased with increasing soil 
water from 18 to 45% water holding capacity (WHC), but was constant up to 60% WHC 
after 98 days of incubation.  
Drying and rewetting events in soils have an important effect on N mineralisation 
from SOM (Clein and Schimel, 1993; Pulleman and Tietema, 1999; Magid et al., 1999; 
Kruse et al., 2004). Drying and rewetting events have more marked effects on surface 
applied than on incorporated crop residues, and are probably responsible for the slowing 
down the decomposition process observed in surface applied organic materials 
(Schomberg et al., 1994). However, the mechanisms involved in drying and rewetting 
events in both surface and incorporated organic materials should be studied. The study 
should include involvement of micro-flora and -fauna in the decomposition process 
(Cabrera et al., 2005). 
2.7.2.2. Effect of temperature on N mineralisation kinetics 
The temperature dependence of the N mineralisation rate constant, k, has usually 
been described by the Arrhenius function (Stanford et al., 1973; Addiscott 1983; Campbell 
et al., 1981; Nordmeyer and Richter 1985), k=Ae-B/T, in which k is the mineralisation rate 
constant, T is the absolute temperature, and B is regression coefficient. The parameter A 
in the equation represents the pool size of the labile substrate and k is the rate constant 
for a particular process (Deans et al., 1986). Many studies have assumed that pool sizes 
are unaffected by incubation temperature and that rate constants predictably increase with 
rising temperature (Stanford et al., 1973; Campbell et al., 1981, 1984). So, the rate 
constant is usually determined at high temperature (30-35ºC) (Eller and Bettany, 1992). 
Contrary to common assumptions, MacDonald et al. (1995) reported that it is the apparent 
pool sizes of C and N rather than the mineralisation rate constants as estimated from first 
order mineralisation kinetics, which are highly temperature dependent. They observed an 
increase in the mineralisable N pool with an increase in temperature from 5°C to 25°C. 
The increase in pool size was due to shift in the microbial community, changes in 
biochemical composition of the fraction mineralised, or changes in transport processes 
27 
 
such as diffusion with temperature. However, in most of the C decomposition simulations, 
models consider the temperature dependent rate constant in N mineralisation kinetics. 
Nordmeyer and Richter (1985) reported that the turnover of easily decomposable fraction 
of added organic materials was affected by temperature rather than the turnover of the 
resistant fraction of the applied materials. This suggests that the temperature effect on the 
turnover rate is related to the biochemical composition of the applied organic materials in 
the soil. The mineralisation is governed by the input parameter from the model such as the 
mean temperature prevailing during the decomposition period.  
Mineralisation and immobilisation are less sensitive than nitrification to temperature 
fluctuations (Campbell and Biederbeck, 1972; Cookson et al., 2002). Accumulation of 
NH4+ in soils at low temperature results from comparably higher gross N mineralisation 
rates in relation to gross immobilisation and nitrification rates due to slower adaptation to 
low temperatures by nitrifying bacteria (Andersen and Jensen, 2001; Cookson et al., 2002) 
and also due to a reduced ability to immobilise substrates at low temperature (Nedwell, 
1999). The importance of understanding of temperature kinetics is required to normalize 
seasonal variation in gross N mineralisation rates which may otherwise mask treatment 
effects. 
2.7.2.3. Presence of dissolved organic C and N in the leaching solution 
Garau et al. (1986) compared leaching and non-leaching methods for studying N 
mineralisation kinetics in soils. They reported that the cumulative mineralised N and the 
potentially mineralizable N in the leaching method exceeded that obtained for the non-
leaching one. The addition of minus N nutrient solution at each leaching, as is usually 
done with Stanford and Smith's incubation method, significantly increased the cumulative 
amount of N mineralised and its effect was maximal after about 45 days of incubation 
(Seyfried and Rao, 1988). The amount of mineralised N leached was dependent upon the 
volume of leaching solution used.  As the volume of leaching solution increased, the value 
of N0 decreased, while the rate constant for the easily decomposable fraction increased 
(Deans et al. 1986), probably because the larger volume of the extract leached higher 
amounts of soluble mineralisable organic N (Smith et al. 1980).  Smith et al. (1980) 
reported that the potential error in evaluating mineralizable N with aerobic incubation could 
be avoided by considering SON in the leachates. According to Jones et al. (2004) the low 
molecular weight component of SON in soils represented an important source of N for 
micro-organisms. The results indicated that the conversion of insoluble organic N to low 
molecular weight SON was a major constraint to N supply. Thus, it is necessary to 
determine the SON content simultaneously with mineral N in the leachates to evaluate soil 
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N-supplying capacity (Hong-ling et al. 2008). The values of SON in the leachates in the 
leaching methods is reported to vary from 13% to 163% (Smith et al. 1980), 9-12% 
(Beauchamp et al., 1986), and 30% (Robertson et al., 1988) of total mineralised N and, 
therefore, should be included in the cumulative mineralised N when determining the 
parameters for the first-order kinetic models.  
2.7.2.4. Duration of incubation 
Incubation period is the single most important factor that varies widely in N 
mineralisation studies. Nitrogen mineralisation parameters for first-order kinetic models 
have been computed from incubation studies ranging from 6 weeks (Beauchamp et al., 
1986) to as long as 47 weeks (Carter and Macleod, 1987). Depending on the length of 
incubation, the shape of the curve of cumulative N mineralisation vs. time may change. 
This may lead to either improper model selection or imprecise parameter estimates. 
Cabrera and Kissel (1988b) found that extending the incubation time increased the 
estimated potentially mineralizable N in the two pools and decreased the associated rate 
constants for the two-compartment first-order kinetic model. Further, for a shorter duration 
of incubation, the first order kinetic models may be over-parameterised due to the small 
number of observations recorded during the incubation period.  
Most researchers established a static relationship between the (bio)chemical 
composition of the organic materials and the amount of N mineralised at the end of the 
incubation period (Dinesh et al., 2001; Kumar and Goh, 2003; Flavel and Murphy, 2006; 
Sammi Reddy et al., 2008). However, differences in incubation time lead to differences in 
amounts of net N mineralised, so that the length of the incubation also affects the 
relationship with the (bio) chemical composition. Therefore, a dynamic relationship 
(considering incubation time) between the (bio)chemical composition and the N 
mineralisation of crop residues is valuable. Only a few researchers (De Neve and Hofman, 
1996) fitted a first-order kinetics model to the N mineralisation patterns first, and then 
correlated the model parameters with the (bio) chemical composition of the organic 
materials.  In this respect Chaves et al. (2004) developed a predictive dynamic 
relationship for the N mineralisation of vegetable root residues and green manures under 
fixed environmental conditions, by fitting a first-order kinetics model to the N mineralisation 
patterns of the crop residues first, and then relating their (bio) chemical composition to the 
model parameters. 
2.8. Future research need 
Nitrogen release from organic materials which differ in quality components has 
been studied and the organic materials have been categorized according to their 
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biochemical composition. The need to improve N use efficiency, maintain soil quality, and 
mitigate greenhouse gases emission will continue to prompt new research areas and 
issues for C and N cycling studies. Application of organic amendments along with 
inorganic fertiliser nutrients has gained importance in developing countries. So, the 
importance of organic sources as plant available nutrients is recognized by researchers 
around the globe. However, better management of organic materials as a source of plant 
available N requires further studies. For example, 
• More research efforts towards crop residues and organic N sources are required 
under various incubation temperature and water regimes to improve the N use 
under different soil management regimes in context of conservation agriculture and 
climate change. The quality of organic amendments should be considered prior to 
mixing with other amendments with different biochemical compositions to prevent N 
losses and achieve synchrony of N supply and crop demand. In this regard, the 
crop simulation models will be useful in providing prediction of N supply from 
organic amendments in different soils and cropping systems. 
• More reliable prediction of the availability of the mobile fraction of N is needed for 
decision on N requirements and recommendation. More research efforts on NO3- 
leaching to ground water due to application of organics, N recycling from crop 
residues and organic manures, and maintenance of SOM under changing 
agricultural practices are needed. 
• Particulate organic matter as a potential source of nutrients to plants should be 
studied to understand the N release patterns. This should include organic materials 
with different C, N and P chemistry. 
• Modelling long-term prediction of use of organic manures/crop residues in different 
soils and cropping systems under diverse climatic conditions. 
• Climate change effects on the use of organic and inorganic sources of N in future 
management of soils and crops and the greenhouse gas emissions and C 
sequestration as influenced by various soil and crop management practices should 
be modeled for future climate change scenarios.  
• Climate change effects on rhizospheric transformation of N from organic and 
inorganic sources in different crops and cropping systems should also be 
considered. 
• Effect of drying and re-wetting on decomposition of organic materials and 
subsequent release of N should be studied with emphasis on involvement of 
microbes and soil fauna in the decomposition process. 
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• Simulation models can complement conventional field experimentation in finding 
alternative nutrient management options for crops and cropping systems. 
Simulating the effects of different N sources (organic, inorganic and both integrated) 
on different crops and cropping systems is important for N supply to crop. 
Simulating the laboratory results of decomposition of organic amendments on N 
release in soil and its availablity to crops is needed. It is also important to apply 
different crop simulation models to decision making processes to use N and water 
more efficiently in different crops and cropping systems. 
 
While models differ in the pool structure used to describe the decomposition of organic 
inputs, with the pools differing in their rates of decomposition (Hadas et al., 2004 and 
Henriksen et al., 2007), the widely used assumption that all pools have the same C/N ratio, 
results in the failure of the models to adequately represent the observed release of N from 
organic amendments. Better understanding of the influence of organic matter composition 
on the rate and extent of N mineralisation, and subsequently parameterizing the model 
based on composition is necessary if complex manures like FYM and composts are to be 
fully utilized in crop production systems. To predict N mineralised from such complex 
materials, the APSIM model has been modified and used for different fresh and 
composted organic manures from Africa. Probert et al. (2005) reported N mineralisation 
from different fresh and composted animal manures (poor quality and C/N < 20) from 
Africa as predicted by APSIM. The APSIM SoilN module was modified based on varying C 
and N ratio in different pools that make up the added organic matter. It was shown that the 
revised model was better able to simulate the general patterns of N mineralisation 
reported for various organic sources. To use the model to predict N mineralisation from 
Indian FYM which is not only complex in composition but also poor in quality because of 
low nutrient value. So, attempt was made to parameterise the Indian FYM for the fisrt time 
based on its composition to modify SoilN module to successfully predict N mineralised 
from this material and subsequently used this material as part of the integrated nutrient 
management system to predict yield of soybean and wheat in a Vertisol of central India. 
 
  
31 
 
Chapter 3 
Modelling N mineralisation from high C/N rice and wheat crop residues using the 
APSIM model (v 5.3) 
 
3.1. Summary 
The processes of N mineralisation and immobilisation which occur in soils during 
decomposition of crop residues are important for N dynamics in cropping systems. 
Nitrogen immobilisation and subsequent re-mineralisation depend on the nature and 
amount of crop residues, and mineral N availability in the system.  
A laboratory incubation experiment was carried out for 98 days at 30ºC under 
aerobic conditions to study the effects of rice and wheat straw applied at 5 and 10 g kg-1 in 
the presence or absence of additional N (as urea). The study showed an interactive effect 
between the rate of application of the residues and additional N. Without additional N, the 
mineral N in soil was completely immobilised within two weeks irrespective of the rate of 
application; initial net immobilisation was limited by the availability of N and was 
independent of residue rate. When additional N was supplied, initial net immobilisation 
was dependent of the rate of application of the residue.  
The APSIM SoilN module was used to simulate N mineralisation from high C/N 
ratiocrop residues, and the predictions compared with the observed data from an 
incubation study and other published data sets. Model performance was generally 
satisfactory, and the model was able to simulate the observed interaction between the rate 
of application of residue and added N. The modelling efficiency, a measure of goodness of 
fit between the simulation and observed data, was 0.82 for the treatments in the 
incubation study.The major discrepancy between the model and the observed data was a 
tendency for the model to underestimate the initial rate of immobilisation. 
 
3.2. Introduction 
Crop residues are vital resources for the maintenance of soil productivity and viable 
alternatives to N fertiliser (Causarano et al., 2006; Hao et al., 2002). Return of crop 
residues has a marked influence on C and N turnover in agricultural soils. Prediction of C 
and N mineralisation from crop residues in soil is important for several reasons. In 
intensive agriculture, organic sources have mainly been important to avoid excessive 
fertiliser applications, and to reduce losses of N to the environment (Jenkinson, 2001; 
Kumar and Goh, 2000).  In low input farming systems, which depend more on nutrient 
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recycling than external inputs, determining the N dynamics is also important to optimize 
residue management for maximum crop production (Lal, 2000). 
The temporal dynamics for N can range from net N mineralisation to net N 
immobilisation (Trinsoutrot et al., 2000; Jensen et al., 2005). The reason is that net N 
mineralisation is the outcome of two concurrent and oppositely directed processes: 
gross N mineralisation and gross N immobilisation (Molina et al., 1990). Nitrogen 
mineralisation and immobilisation occur simultaneously in soil, with the relative 
magnitude of these processes determining whether the overall effect is net N 
mineralisation or net N immobilisation. Measuring the change in inorganic N with time 
quantifies net mineralisation/immobilisation.   
In the absence of recent additions of fresh organic matter, soils generally exhibit 
mineralisation during incubations. When residues are added, the net mineralisation 
due to the added materials can be estimated as the difference between the amended 
soil and a control (without amendment). Residues with low C/N ratio tend to exhibit net 
N mineralisation, while residues with high C/N ratio exhibit immobilisation (Van Kessel 
et al., 2000; Seneviratne, 2000; Qian and Schoenau, 2002).Addition of high C/N ratio 
crop residues to the soil will reduce mineralisation following application (Tripathi and 
Misra, 2001).  In farming systems where the straw remains on the field after harvest, 
its rapid decomposition is important to minimize negative effects on the following crops 
caused by N immobilisation (Cheshire et al., 1999; Henriksen and Breland, 1999). An 
immobilisation phase as long as five months has been observed for the application of 
8 t ha-1 of wheat straw (Ichir and Ismail, 2002). Yield depression following straw 
incorporation has been mitigated by adding inorganic N (Azam et al., 1991). 
The dynamics of C and N are known to closely interact during the 
decomposition of plant materials due to the simultaneous assimilation of C and N by 
the heterotrophic soil micro-flora involved in this process.  Crop residues added to soil 
together with mineral N can interact in different ways. In high C/N crop residues, 
immobilisation associated with residue decomposition was increased by the addition of 
mineral N (Mary et al., 1996). Addition of mineral N has been reported to increase C 
mineralisation during maize (Zea mays, L.) residue decomposition (Green et al., 1995), 
but also to have no effect (Fog, 1988).  In many cases, the high microbial demand for 
N causes the availability of N (soil + residue N) to be the factor that limits straw 
decomposition in the short-term (Mary et al., 1996). 
The effects of N addition on C and N relationships during short-term decomposition 
of straw have been reported by Green et al. (1995) and Recous et al., (1995).  The rates 
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of C mineralisation and N immobilisation from high C/N ratio maize straw were attributed 
to the initial mineral N content of the soil (Recous et al., 1995). Similarly, N mineralisation 
from high C/N ratio barley (Hordeum vulgare, L.) straw was limited by mineral N 
availability in soil to satisfy the immobilisation demand (Probert et al. 2005). 
The effect of N on the decomposition of C compounds or N transformation has 
been studied in numerous investigations under laboratory conditions, mainly by 
varying the initial C/N ratio of the soil+residue system by one of the following 
procedures: i) incubating one type of residue (e.g. maize straw) containing different 
amounts of N (Scheller and Joergensen, 2008), ii) adding different amounts of mineral 
N with organic residue (Sall et al., 2007; Recous et al., 1995), and iii) using different 
types of residues with different initial N content (Dou et al., 1996; Bruun et al., 2006). 
Most of the studies on N mineralisation from high C/N ratio organic materials 
described the N immobilisation under a fixed rate of crop residue addition by varying 
the rate of addition of mineral N, though a few have considered both rates of 
application of residues and mineral N (Blackmer and Green, 1995). 
Mineral N availability is an important factor controlling plant residue decomposition 
and a better prediction of the evolution of mineral N in soil during the decomposition of 
high C/N ratio crop residues therefore requires description and modeling. There is a 
diverse body of literature on the development, comparison, and evaluation of simulation 
models for predicting C and/or N dynamics in soil (Grace et al., 2005, Probert et al., 2005; 
Kirschbaum et al., 2008; Saffih-Hdadi and Mary, 2008). Numerous experiments and 
simulation exercises have shown that N-rich plant materials, such as legume residues, 
decompose much faster than N-poor plant materials such as cereal straw (Henriksen and 
Breland, 1999; Korsaeth et al., 2001). However, most modelling studies have largely 
ignored the effect of rate of application of organic materials and the interaction with added 
N, on the rate of mineralisation and immobilisation. 
The present investigation was aimed at predicting the N mineralisation from high 
C/N ratio riceand wheat straw as influenced by mineral N availability in soil. The objective 
was to evaluate the capacity of the APSIM model to simulate N mineralisation from high 
C/N ratio crop residues using (i) a dataset from a laboratory incubation experiment that 
investigated the effects of rate of addition of residues with high C/N ratio, and added N, on 
the net N mineralisation, and (ii) from published datasets reporting N mineralisation from 
high C/N ratio crop residues as influenced by mineral N availability in soils. 
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3.2.1. Modelling decomposition of high C/N ratio organic materials  
3.2.1.1. Description of the APSIM SoilN module 
The Agricultural Production Systems Simulator (APSIM, McCown et al., 1996; 
Keating et al., 2003, web site www.apsim.info) simulates the soil N-transformation 
processes (including mineralisation and immobilisation) in the SoilN module (Probert et al., 
1998). 
Briefly, crop residues or roots added to the soil, are designated fresh organic matter 
(FOM) and are considered to comprise three pools (FPOOLs), sometimes referred to as 
the carbohydrate-like, cellulose-like, and lignin-like fractions of the residue (Fig. 3.1). Each 
FPOOL has its own rate of decomposition, which is modified by factors to allow for effects 
of soil temperature and soil water. For inputs of crop residues and roots it has usually 
been assumed that the added C in the three FPOOLs is in the proportions 0.2:0.7:0.1. 
 
Fig.3.1. Diagram of APSIM SoilN module showing transformation of C and N in each 
soil layer.Solid lines and dotted linesrepresent N and C flow. FOM: Fresh organic 
matter; BIOM: Soil microbial biomass; HUM: Stable humus pool. FPOOL1, FPOOL2 
and FPOOL3 denote carbohydrate-like, cellulose-like and lignin-like pools, 
respectively. 
 
The fate of C and N from the decomposing FOM pools is determined by the mineralisation 
and immobilisation processes that are occurring concurrently. The C from the 
FOM  
(Crop residues/organic 
materials/roots) 
FPOOL1 (%C,%N) 
FPOOL2 (%C,%N) 
FPOOL3 (%C,%N) 
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decomposing substrate is either evolved as CO2 or is synthesized into SOM. The APSIM 
SoilN module assumes that the pathway for synthesis of stable SOM is predominantly 
through initial formation of soil microbial biomass (BIOM), though some C is transferred 
directly to the more stable pool (HUM). The model further assumes that the SOM pools 
(BIOM and HUM) have C/N ratios that are unchanging through time. The formation of 
BIOM and HUM thus creates an immobilisation demand for N that has to be met from the 
N released from the decomposition of the FOM and/or by drawing on the mineral N (NH4- 
and NO3-N) in the system. During the decomposition process any release of N in excess 
of the immobilisation demand results in an increase in the NH4-N. The model operates on 
a daily time step, so that decomposition of the FOM pools is happening simultaneously 
with decomposition of the SOM pools (BIOM and HUM). 
3.2.1.2. Simulation of the effects of application rate (hypothetical)  
The model was used to investigate the effect of varying the rate of addition of a 
material with high C/N ratio (80) on the predicted net mineralisation (Fig. 3.2a).  For the 
chosen initial conditions, immobilisation increased as the application rate was increased 
from 2 g kg-1, but above 6 g kg-1, no further increase was predicted.  The reason for this 
was that the entire mineral N in the system had been immobilised.As a result, 
decomposition of the higher rates of application was limited by the availability of N. When 
the availability of N was increased by adding 100 mg kg-1 of N (Fig. 3.2b), this enabled the 
immobilisation demand from the higher rates of application to be satisfied.  
These simulations also showed that the time before the 
immobilisation/mineralisation curve turned upwards (re-mineralisation) also depended on 
the rate of application. Based on these simulations, an incubation experiment was 
undertaken to study the effects of rate of residue application for two materials with high 
C/N ratios (wheat straw and rice straw), and presence or absence of added N, on N 
dynamics. 
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Fig. 3.2. Net N mineralisation from wheat residue (C/N ratio 80) as predicted by 
APSIM SoilN module under (a) different rates of application and (b) in presence of 
mineral N (100 mg kg-1). 
 
3.3. Materials and methods 
3.3.1. Soil  
The study was conducted using the field-moist soil from the top (0-15 cm) layer of a 
cultivated Vertisol (Bhopal, India at 23° 18’ N and 77° 24’ E). 
 
3.3.2. Crop residues  
The incubation studied N immobilisation from two crop residues, rice and wheat 
straw, using two rates of application, and in the presence and absence of added N. The 
properties of the crop residues are given in Table 3.1. 
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Table 3.1. Characteristics of the organic materials used for the incubation study  
 
3.3.3. Analytical procedures  
A portion of field-moist soil was taken for laboratory incubation, while another 
portion was air-dried, crushed to pass through a 2 mm sieve, then stored in an air-tight 
plastic container at room temperature. A sub-sample of this material was finely ground to 
pass a 100-mesh sieve. The soil used in the incubation study had pH 8.1(in 1:2.5 
soil:water suspension), soil organic C (SOC) content of 5.1 g kg−1 determined by the wet 
oxidation procedure of Walkley and Black (1934), a C/N ratio of 9.6, and inorganic N (NH4-
N and NO3-N) content of 30 mg kg-1 (Bremner, 1965).  Total N was determined on 100 
mesh soil and ground plant material using the semi-micro Kjeldahl method of Bremner and 
Mulvaney (1982), with the NH4+ determined colorimetrically. Total C in organic materials 
was estimated by weight loss on ignition (Nelson and Sommer, 1982). Lignin in the 
organic materials was determined using the acid detergent fibre (ADF) method as outlined 
by Rowland and Roberts (1994). Total soluble polyphenols in organic materials was 
determined by the Folin-Ciocalteau method (Constantinides and Fownes, 1994). 
3.2.4. Laboratory Incubation experiment  
Finely ground wheat and rice straw were applied to soil at two rates of application, 
5 g kg-1 and 10 g kg-1 on an oven-dry weight basis. The amount of urea-N added was 
enough to raise the wheat straw N to approximately 2% on dry weight basis. This required 
the addition of 66 mg N kg-1 soil where the materials were added at low rate of addition i.e. 
5 g kg-1, and 132 mg kg-1 at the high rate.  
For each treatment, a sample of 500 g soil was hand mixed with 2.5 g or 5.0 g of 
organic material (depending upon the rate of application), then transferred to a plastic 
bottle. For each treatment urea-N was added as appropriate. The control treatment was 
soil without added organic materials. Soil water retention at field capacity (-0.03 MPa) was 
determined using pressure plate apparatus. The treatment mixtures were maintained at 
field capacity throughout the incubation period by replacing any loss of water with the 
appropriate volume of distilled water at every sampling. The soil and organic material 
mixtures were incubated at 30±2°C for 14 weeks in a laboratory incubator. Soil samples 
Organic material Total dry matter basis Lignin (%) Polyphenols (%) 
C (%) N (%)  C/N 
Rice straw 48 0.56 86   5.5 1.04 
Wheat straw 45 0.57 79   8.0 1.10 
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were taken at 0, 1, 2, 4, 6, 8, 10, 12 and 14 weeks and analysed immediately for inorganic 
N (NH4-N + NO3-N) using 2M KCl extraction followed by distillation (Bremner, 1965). The 
observations were replicated twice. 
Net N mineralised during the incubation process was calculated as follows. 
(Net N mineralised from organic materials)t = (Mineral N in the treatment – mineral N in 
control)t - N added. 
3.3.5. Published datasets 
A search of the literature was made to find other studies which considered the 
effect of rate of application, as well as N addition, on N mineralisation from high C/N ratio 
organic materials. Few examples were found. We used the data from Blackmer and Green 
(1995), Singh et al. (1992) and Sammi Reddy et al. (2008) to evaluate the performance of 
the model. Some characteristics of the soil and residues used in these studies, together 
with experimental details (rate of application, incubation temperature etc.) are given in 
Tables 3.2 and 3.3. 
 
Table 3.2. Characteristics of the soils used for different incubation studies 
Soil Type pH SOC 
(%) 
Initial 
mineral N 
(mg kg-1) 
Total N 
(%) 
Cation 
exchange 
capacity  
(cmol (+) kg-1) 
Reference 
Mollisol 5.8 3.0 10   0.214 - Blackmer and 
Green, (1995) 
Inceptisol 7.9 0.40 52   0.046 11.5 Singh et al. (1992) 
Vertisol 8.0 0.50 30   0.052 42.0 Sammi Reddy et 
al. (2008) 
 
Table 3.3. Composition (dry-weight basis) of the organic materials used for 
incubation study  
Organic 
material 
Total 
C (%) 
Total 
N (%)  
C/N Application 
rate (g kg-1) 
Incubation 
temperature 
(ºC) 
Reference 
Maize 
straw 
 
42.0 0.57 74 2, 4, 8  28 Blackmer and Green 
(1995) 
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3.2.6. Model evaluation 
The performance of APSIM simulation for prediction of net N mineralised from the 
application of these high C/N ratio materials was evaluated using statistics. The statistics 
used were (i) the root mean square error (RMSE), and (ii) the modelling efficiency (EF) 
(Smith et al., 1997) and coefficient of determination (R2). The EF (equation 3.2) compares 
the deviations between predicted and observed values to the variance of the observed 
values. Values for EF can be positive or negative with a maximum value of 1. An EF value 
close to 1 denotes a “near perfect fit”, while EF < 0 indicates a “bad fit”. R2 represents the 
percentage of variation in the dependent variable explained by variation in the 
independent variables. Higher the R2, the more useful is the model. R2 ranges between 
the values of 0 to 1. Essentially, R2 reppresents the prediction of the model. 
i = n 
Root mean square error (RMSE):    RMSE = √ (∑ (Pi - Oi)2 / n)  (3.1) 
      i = 1   
               i = n       i = n 
Modelling efficiency (EF): EF = 1 - [∑ (Pi - Oi)2 / ∑ (Oi – Ō )2]    (3.2) 
                   i = 1      i = 1       
where, Pi = predicted value, Oi = observed value, Ō = mean of the observed values, n = 
number of observation. 
 
3.3. Results  
3.3.1. Nitrogen mineralisation from rice and wheat straw under laboratory incubation 
The N mineralised from the control soil was used for estimation of net N 
mineralised from the wheat and rice residues (Fig. 3.3). Similar results were obtained for N 
mineralisation from both rice and wheat straw for both the rates of application and where 
urea-N was added. Application of rice straw at 5 g kg-1 reduced the mineral N in the soil to 
zero (Fig. 3.3). Increasing the rate of rice straw application increased the time that the 
mineral N in soil was maintained at a low concentration. When urea-N (66 mg N kg-1) was 
added along with 5 g kg-1 of straw, the mineral N in soil was not reduced to zero. 
Rice 
straw 
40.0 0.62 65 2.5, 5  30 Singh et al. (1992) 
Wheat 
straw 
44.8 0.57 79 5  30 Sammi Reddy et al. 
(2008) 
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Fig. 3.3. Nitrogen mineralisation from (a) rice and (b) wheat straw under different 
rates of application from the laboratory incubation study. Assuming all added N 
remained in the system. 
In the absence of added N, application of straw caused rapid immobilisation which 
reached about 40 mg N kg-1 by 28 days, irrespective of the rate of application (Figs. 3.4a 
and 3.5a). At this time there was no mineral N in these systems (Fig. 3.3). As the 
incubation period increased, the difference emerged between the rates of application 
which correspond to the rate of re-mineralisation shown in Fig.3.3. At the end of the 
incubation period (98 days) the application of 5 g kg-1 of rice straw resulted in net 
immobilisation of 30 mg N kg-1, compared with 28 mg N kg-1 from the wheat straw. 
Application of 10 g kg-1 immobilised 50 mg N kg-1 for rice, and 53 mg N kg-1 for wheat. 
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Fig. 3.4. Net N mineralised from rice straw (a) under different rates of application 
and (b) in presence of urea-N. Vertical bars represent ± standard errors. 
 
 
 
 
 
 
 
 
 
Fig. 3.5. Net N mineralised from wheat straw (a) at different rates of application, and 
(b) in presence of urea-N. Vertical bars represent ± standard errors. 
For the 5 g kg-1 rate of application of straw, adding additional N caused a small 
increase in the maximum amount of N immobilised (Figs. 3.4b and 3.5b). At the higher 
rate of application (10 g kg-1) of straw with 132 mg N kg-1, more immobilisation occurred.  
In the presence of added N, the difference between the rates of application of straw was 
evident from the very beginning of the incubation. Where N was non-limiting, maximum 
immobilisation at 6 weeks was proportional to the amount of organic material added. After 
Incubation period (days) 
Incubation period (days) 
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6 weeks incubation, net immobilisation was 46 for 5 g kg-1 and 95 mg N kg-1 for 10 g kg-1 of 
rice straw and 47.5 g kg-1 for 5 g kg-1 and 98 mg N kg-1 for 10 g kg-1 of the wheat straw. 
3.3.2. Simulation of N mineralised from rice and wheat straw in the laboratory incubation 
study 
The model was used to simulate the effect of rates of organic matter and N 
application, on N mineralisation from high C/N ratio materials (rice and wheat straw).  
 
Fig. 3.6. Nitrogen mineralised from control (soil) as observed experimentally and as 
predicted by APSIM SoilN module. Vertical bars represent ± standard error. The 
symbols denote observed data, while continuous line is the output from the model. 
Although there is a slight under-prediction of net N mineralisation in the control (Fig. 
3.6), the general pattern agrees well with the measured data, and was considered 
acceptable for comparing the net mineralisation from the rice and wheat straw. The 
parameterisation of the model (soil file) for the simulation is set out in Table 3.4. 
 
Table 3.4. Soil properties for initialization of the simulation of the laboratory 
incubation process (SAT: saturation (%), DUL: drained upper limit (%), LL15: lower 
limit (%) and SW: soil water at field capacity (%)) 
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Soil water parameters  
Layer thickness (mm) 100 
Bulk density (g cm-3)     1.00 
SAT     0.50 
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The soil water balance is described in terms of volumetric water content at saturation 
(SAT), drained upper limit (DUL) and the lower limit of extraction by the crop (LL15). The 
initial soil water content at which simulation was carried out is designatedas SW.  The 
FINERT is the proportion of soil C assumed not to decompose and the FBIOM is the 
proportion of decomposable soil C in the more labile SOM pool. 
The pattern of N immobilised from rice (Fig.3.7) and wheat straw (Fig. 3.8), as seen 
in observed data from residues, as well as from added N treatments, was well represented 
by the model. The higher EF value (0.79) and R2 value (0.94) in case of added N 
treatments compared to no added N (straw alone) suggested a better representation of 
the pattern of N immobilisation by the model (Table 3.5). Thus, the model does well in 
predicting the interaction between rates of application of organic materials and added N. 
Although the model predicted the pattern of immobilisation followed by re-mineralisation, 
there was some disparity between observed and predicted results (Figs. 3.7d and 3.8d). 
The high EF (0.82) and R2 (0.91) obtained from the comparison of observed and predicted 
data from all treatments suggested a satisfactory goodness of fit by the model. 
3.3.3. Comparing simulations of N mineralised from high C/N ratio materials from 
published datasets using APSIM 
The ability of the model to simulate N mineralised from other high C/N ratio 
materials was tested against datasets on maize straw (Blackmer and Green, 1995), rice 
straw (Singh et al., 1992) and wheat straw (Sammi Reddy et al., 2008). The simulations of 
N mineralised from these organic materials are presented in Figs. 3.7 and 3.8. 
  
DUL     0.30 
LL15     0.19 
SW     0.28 
Soil N parameters  
Organic C (%)     0.50 
finertb     0.10 
fbiom     0.06 
Nitrate-N (mg kg-1)  29.5 
Ammonium-N (mg kg-1)     0.50 
Soil C/N     9.60 
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Fig. 3.7. Simulation of net N mineralised from rice straw at different rates of 
application (a, 5 g kg-1 and b, 10 g kg-1) and in presence of urea-N (c, 5 g kg-1 + 66 
mg N kg-1 soil and d, 10 g kg-1 + 132 mg N kg-1 soil). The symbols denote observed 
data with error bars representing ± standard error of the mean. The continuous line 
is the output from the model. 
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Fig. 3.8. Simulation of net N mineralised from wheat straw at different rates of 
application (a, 5 g kg-1 and b, 10 g kg-1) and in presence of urea-N (c, 5 g kg-1 + 66 
mg N kg-1 soil and d, 10 g kg-1 + 132 mg N kg-1 soil). The symbols denote observed 
data with error bars representing ± standard error of the mean. The continuous line 
is the output from the model. 
 
 
 
 
 
 
Incubation period (days) 
 
N
et
 N
 m
in
er
al
is
ed
 (m
g 
kg
-1
)  
 
(a) (b) 
(c) 
(d) 
46 
 
Table 3.5. Statistical performancefor evaluation of N simulation by the model 
* Source of added N was: a = urea and b = KNO3 
Dataset Treatment R2 RMSE (mg kg-1) EF 
Laboratory 
incubation 
experiment 
Rice straw (5 g kg-1) 0.35   7.21  0.21 
Rice straw (10 g kg-1) 0.89   5.79  0.70 
Wheat straw (5 g kg-1) 0.67   8.17  0.29 
Wheat straw (10 g kg-1) 0.88   7.71  0.64 
 No added N 0.72   7.28  0.59 
 Rice straw (5 g kg-1) + 66 mg N kg-1 a 0.89   7.42 -0.43 
 Rice straw (10 g kg-1) + 132 mg N kg-1 a 0.84 15.3 -0.45 
 Wheat straw (5 g kg-1) + 66 mg N kg-1 a 0.80   5.40  0.16 
 Wheat straw (10 g kg-1) + 132 mg N kg-1 a 0.70 10.1  0.45 
 With added N 0.94 10.2  0.79 
 All treatments 0.91   8.88  0.82 
Blackmer 
and Green 
(1995) 
Maize straw (2 g kg-1) 0.07   6.63  0.07 
Maize straw (4 g kg-1) 0.54   5.74  0.06 
Maize straw (8 g kg-1) 0.98   4.05  0.40 
 No added N 0.69   5.57  0.57 
 Maize straw (2 g kg-1) + 11mg N kg-1 b 0.16   7.22 -1.85 
 Maize straw (4 g kg-1) + 11mg N kg-1 b 0.07 10.7 -5.16 
 Maize straw (8 g kg-1) + 11mg N kg-1 b 0.92   6.33  0.16 
 Maize straw (2 g kg-1) + 44 mg N kg-1 b 0.21   6.84 -2.06 
 Maize straw (4 g kg-1) + 44 mg N kg-1 b 0.06 12.1 -0.66 
 Maize straw (8 g kg-1) + 44 mg N  kg-1 b 0.29 22.3 -6.58 
 With added N 0.48 12.2   0.37 
 All treatments 0.57 10.5   0.47 
Singh et al. 
(1992) 
Rice straw (2.5 g kg-1) 0.16   6.35  -0.33 
Rice straw (5 g kg-1) 0.36   7.19 -1.03 
Rice straw (2.5 g kg-1) + 30 mg N kg-1 a 0.05   8.13 -3.09 
Rice straw (2.5 g kg-1) + 60 mg N kg-1 a 0.05 10.5 -5.35 
 All treatments 0.15 13.1  0.15 
Sammi 
Reddy et al. 
(2008) 
Wheat straw (5 g kg-1) 0.21 23.6 -7.68 
Wheat straw (5 g kg-1) + 60 mg N kg-1 a 0.61   5.27  0.23 
 All treatments 0.07 17.1 -1.15 
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3.3.3.1. Dataset I (Blackmer and Green, 1995) 
The laboratory incubation study of Blackmer and Green (1995) is of particular 
interest because this shows that addition of inorganic N increased rates of maize straw 
decomposition, a result comparable to that of the incubation study. Addition of maize 
straw caused N immobilisation inthe soil (Fig. 3.9). Increasing the rate of straw addition, 
increased both the amount of N immobilised and the length of the period of net 
immobilisation (Figs. 3.9a, b and c). These observations are consistent with earlier 
observations from the incubation experiment. The addition of fertiliser N (11 and 44 mg kg-
1 to maize straw) increased initial rates of immobilisation during maize straw 
decomposition (Fig 3.9 d,e,f and g,h,i). The data also showed that addition of N had a 
significant effect on the net amount of N immobilised as a result of added straw during 
much of the study period. 
From the simulation, it was shown that the RMSE values for the net N immobilised 
from the addition of different rates of maize straw addition ranged from as low as 4.05 mg 
kg-1 to as high as 22.3 mg kg-1,where as the EF of simulation ranged from -6.58 and 0.57. 
The negative EF value represented a bad agreement between the observed and predicted 
data. The lower RMSE values and higher EF represented the closeness between the 
observed and predicted values. Though a poor goodness of fit between the observed and 
predicted values was obtained in case of application of 8 g kg-1 maize straw and 44 mg N 
kg-1 soil (Fig. 3.9i), the overall prediction of the observed data was satisfactory with EF of 
0.47 and RMSE of 10.5 (Table 3.5). The goodness of fit was better for the application of 8 
g kg-1 and 8 g kg-1 + 11 mg N kg-1 than other treatments, as demonstrated by the 
statistical criteria used for evaluation of the simulations (Table 3.5). The model was able to 
predict the N mineralisation pattern in the presence and absence of NO3-N, as observed in 
the experiment. The lack of fit obtained from the dataset reflects the inability of the model 
to predict the rapid immobilisation observed at the beginning of the incubation period for 
the highest rate of application of maize straw in presence of added N (Fig. 3.9 e,h and i). 
3.3.3.2. Dataset II (Singh et al., 1992) 
From the experimental data, addition of rice straw immobilised N by 10th day of 
straw decomposition and the immobilisation of N continued till the end of the incubation 
period (90 days) (Fig. 3.10). With increased application of rice straw, the immobilisation of 
mineral N increased (Figs. 3.10a and 3.11b). The general pattern was described by the 
model, though the dynamics of the system were not accurately predicted. For both rates of 
rice straw application (2.5 and 5 g kg-1), the observed maximum immobilisation occurred 
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at 14 days of incubation, while the model predicted that the maximum immobilisation of N 
would occur at 63 days. Adding N (urea-N) increased the amount of N immobilised 
irrespective of the rates of application (Figs. 3.10c and 3.10d). The amount of N 
immobilised from a 2.5 g kg-1 application of rice straw + 30 mg N kg-1 was 40 mg N kg-
1,while  that from 5 g kg-1 + 60 mg N kg-1 was 62 mg N kg-1. Application of N, along with 
straw, increased N immobilisation. Thus immobilisation depended on rates of application 
of straw and added N. In contrast, the model predicted a similar pattern of N 
immobilisation, irrespective of rates of application of straw and added N; i.e., there was no 
increase in immobilisation of N when fertiliser N was added to the system (Figs. 3.10a and 
3.10b). The maximum amount of N immobilised from the application of straw + added N 
was obtained at 30 days of incubation irrespective of the rates of application. The model 
predicted that this point would be reached on the 60th day of incubation, irrespective of the 
rates of application (Figs. 3.10c and 3.10d).The RMSE value of 13.1 and EF value of 0.15 
suggested a poor goodness of fit obtained for this dataset (Table 3.5).  
3.3.3.3. Dataset III (Sammi Reddy et al., 2008) 
The agreement between measured and simulated mineralisation data was not high 
in case of wheat straw applied alone to soil as shown by the high RMSE (23.60) and low 
EF value (-7.68) (Table 3.5). The rapid change in net mineralisation in the experimental 
data is quite unexpected, and there is no satisfactory explanation for this observation. 
However, in presence of urea-N, the model was able to predict the immobilisation pattern 
from wheat straw (Fig. 3.11b) better than where wheat straw was applied alone. This is 
clearly shown by the low RMSE (5.27) and positive EF (0.23) values (Table 3.5).  
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Fig.3.9. Simulation of net N mineralised from maize straw at different rates of application, and in absence and presence of 
KNO3-N in soil. The symbols denote observed data (Blackmer and Green, 1995). The continuous line is the output from the 
model.
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Fig. 3.10. Simulation of net N mineralised from rice straw at different rates of 
application (a, 2.5 g kg-1 and b, 2.5 g kg-1 + 30 mg N kg-1 soil) and (c, 5 g kg-1 and d, 5 
g kg-1 + 60 mg N kg-1 soil). The symbols denote observed data (Singh et al. 1992). 
The continuous line is the output from the model. 
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Fig. 3.11. Simulation of net N mineralised from wheat straw in absence and 
presence of urea-N (a, 5 g kg-1 and b, 5 g kg-1 + 72 mg N kg-1 soil). The symbols 
denote observed data with error bars representing ± standard error of the mean 
(Sammi Reddy et al., 2008). The continuous line is the output from the model. 
 
3.4. Discussion 
3.4.1. Effect of application rate on N mineralisation from rice and wheat straw  
Measuring the changes in inorganic N with time provides an estimation of the net 
mineralisation or net immobilisation. The quality of plant residue added to soil determines 
both the rate of decomposition and the dynamics of mineral N (Kumar and Goh, 2003; 
Flavel and Murphy, 2006). High C/N organic materials cause immobilisation of mineral N 
as they are utilized by the soil microbial biomass (Mary et al., 1996;Trinsoutrot et al., 
2000)and the absence of inorganic N might inhibit organic matter decomposition (Ågren et 
al., 2001). In the incubation experiment, application of rice and wheat straw to the soil 
caused rapid immobilisation of the soil mineral N. Within 2 weeks, the application of straw 
reduced the mineral-N in the soil system to zero and this condition was maintained forup 
to 10 weeks for the higher rate of application (Fig.3.3). Irrespective of straw application 
rates, the net N availability in the soil system became zero. Approximately 40 mg N kg-1 
was immobilised in the first four weeks following application of rice and wheat straw (under 
both rates of application). In the experiment, the initial net immobilisation was limited by 
availability of N and was independent of residue application rate. The disappearance of 
mineral N in the soil system was caused by microbial immobilisation as reported by 
Recous et al. (1995). 
Incubation period (days) 
(b) (a) 
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At the higher rate of straw addition, both the amount of N immobilised and the 
length of the period of net immobilisation were increased (Figs.3.4 and 3.5). These 
observations are consistent with earlier observations indicating that microorganisms utilize 
available N from the soil environment when decomposing plant residues with high C/N 
ratios (Jansson, 1958; Alexander, 1977). This suggests that N immobilisedfollowing the 
application of high C/N ratio materials can be markedly altered by the availability of N. 
Net immobilisation was followed by N re-mineralisation, which was varied according 
to the rate of application and the amount of urea-N added to the system. However, none 
of the organic matter addition treatments studied showed a positive net accumulation of 
soil mineral N at the completion of 98 days of incubation. This showed that additions of N 
had significant effects on net amounts of N immobilised as a result of residue addition.  
The increase in immobilisation of N in these treatments could be attributed to higher 
decomposition of added straw. Hadas et al. (1998) found an increase in production of CO2 
from sand when straw was incubated with inorganic N, compared to wheat straw alone. 
Similar effects of added N on decomposition of maize straw have been reported by 
Potthoff et al. (2005). Blackmer and Green (1995) reported an increased decomposition of 
maize residue with increase in mineral N addition to the soil.  
3.4.2. Simulation of N mineralisation from different crop residues  
TheAPSIM model predicted N mineralisation from high C/N crop residues 
satisfactorily under different rates of application of straw in presence and absence of 
added N (Figs. 3.7 and 3.8). Where straw was added at 5g kg-1 the N began to re-
mineralize at about 28 days (Figs. 3.7a and 3.8a).  However, the model predicted N 
immobilisation would continue throughout the incubation process without showing any 
sign of commencement of re-mineralisation. The prediction of net N mineralised is 
influenced by the amount of N mineralised in the control, as predicted by the model, as 
well as N mineralised from residue treatment at a given time. The discrepancy between 
observed and predicted N mineralised during the first four weeks could be due to the 
accuracy of model’s prediction in control treatment (Fig.3.6). The model underestimated 
the amount of N mineralised during the incubation of the control (soil) treatment. This 
could be the reason that the predicted immobilisation continued for the 5 g kg-1 straw 
treatment without showing any sign of re-mineralisation.  When the straw was applied at 
10 g kg-1, N immobilisation was greater and continued for a longer period, with no 
indication that re-mineralisation had commenced before the end of the study (98 days) 
which was well predicted by the model (Figs.3.8b and 3.9b). From the experimental 
dataset produced in this study, it was observed that at the low rate of rice straw addition, 
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both straw alone or straw + added N treatment immobilised more N than predicted by the 
model (Fig. 3.7). At the high straw rate, the data suggest that the system is N limited, and 
is capable of immobilising more N when it is added (Fig. 3.7). However, in presence of 
added N, the model predicted the process of mineralisation in both rice and wheat 
satisfactorily, as was shown by the overall RMSE and EF values (Table 3.5). It seems the 
model predicted satisfactorily the interaction between application rate and added N on N 
mineralisation as observed in the experimental study. It showed that the model predicted 
the N mineralisation from high C/N residue satisfactorily when the soil system is depleted 
of mineral N.  
The simulations of N immobilisation-mineralisation from plant materials of high C/N 
ratios reported by Blackmer and Green (1995) and Singh et al. (1992) agreed reasonably 
well with the measured data. The simulation of N mineralised from maize straw (Blackmer 
and Green, 1995) under different rates of application, and where additional mineral N was 
applied, was well represented by the APSIM model. The exception to the finding was the 
case of higher application of organic material and mineral N (44 mg kg-1) (Figs. 9h and 
i).The model predicted N immobilised from lower rates of application of maize straw better 
than higher rates. The overall RMSE (12.22) and EF (0.37) showed the model effectively 
described N mineralisation from maize residue with added N. However, the individual 
treatments showed higher RMSE and negative EF values (Table 3.5). The lower RMSE 
and higher EF value for the simulation of all treatments, irrespective of rates of application 
and addition of mineral N is slightly misleading. It showed that there are some other 
factors that are not accounted by the model. 
For the simulation of experimental data from Singh et al.(1992) for the rice 
straw,the increased immobilisation of N that resulted from the addition of residue and 
mineral-N could not be shown in the simulation because of the high initial N (52 mg kg-1) 
content of the soil (Table 3.2). For the 2.5 g kg-1 straw addition rate, maximum N 
immobilised wasonly 31 mg N kg-1 (obtained at 10th day of incubation) of the 52 mg N kg-1 
initially present in the soil.  In this instance, immobilisation was limited by C supply, so 
adding more N to the system would not be expected toincrease immobilisation. However, 
with addition of urea-N to the system, the amount of N immobilised increased, a result 
contrary to the studies reported by other researchers (Recous et al., 1995; Sall et al., 
2007). 
The shape of the net N mineralisation curve for the wheat straw treatment reported 
by Sammi Reddy et al. (2008) differed considerably from that obtained from APSIM 
simulation (Fig. 3.11a) and also from other datasets examined in this study. No 
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satisfactory explanation was offered by the authors, and we can offer no reason for the 
results obtained.  
 In this study, the APSIM model was successfully used to simulate various high C/N 
ratio crop residues differing in initial availability of mineral N. The APSIM model has also 
been used for high C/N ratio material (barley straw) and for manures, particularly those 
that exhibit initial immobilisation of N, even though the C/N of the material suggests it 
should mineralize N (Probert et al., 2005), though the study was limited to single rate of 
application only. 
 
3.5. Conclusions 
The findings of this study are particularly pertinent to cropping systems where crop 
residues from the previous crop play an important role in N management of the system. In 
cropping systems where large amounts of crop residues are generated and there is a 
small time gap available between harvesting of one crop and sowing of another, 
simulation modelling should be helpful in designing strategies for N management. The N 
immobilisation potential due to the presence of large amount of residues can be mitigated 
by application of mineral N, and models provide an option for estimating how much N is 
required. 
From the incubation experiment, the high C/N ratio rice and wheat straw caused 
immobilisation of soil mineral N to an extent dependent on the rate of application of the 
straw and the soil inorganic N availability. The model predicted N dynamics satisfactorily. 
When the model was used to simulate the results of published studies reporting N 
mineralised from different high C/N ratio materials, the goodness of fit was reasonable in 
most of the cases, demonstrating the model’s ability to deal with differences in organic 
materials, rates of residue application, and differences in the availability of mineral N.Such 
simulation would help in describing the complex phenomenon of immobilisation of N from 
high C/N ratio materials in a soil system. The ability to include this type of simulation of soil 
processes in crop simulation modelling could provide viable options for optimizing N 
management strategies involving utilization of crop residues in cropping systems. 
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Chapter 4 
Nitrogen mineralisation from green manure and farmyard manure from a laboratory 
incubation study: simulation study using the APSIM model (v 5.3) 
 
4.1. Summary 
Predicting N mineralisation from organic manures like FYM is more difficult than 
from fresh organic materials like crop residues, as the manuresvary greatly in composition. 
A laboratory incubation experiment was carried out for 98 days at 30º C under aerobic 
conditions to study the effects on N dynamics of Gliricidia (Gliricidia sepium, Jacquin) and 
FYM application to soil at 5 and 10 g kg-1. Application of Gliricidia induced N mineralisation 
from the start of incubation period, with the amount of N mineralised increasing with rate of 
application. In contrast, application of FYM resulted in immobilisation of mineral N in soil, 
irrespective of the rate of application. The initial net immobilisation from FYM was limited 
by the availability of N in the soil for the higher rate of application.  
The APSIM SoilN module was used to simulate these contrasting patterns of 
mineralisation of N from Gliricidia and from FYM. The prediction of N mineralised from 
Gliricidia was better than FYM. The default model parameters specify that the fresh 
organic matter pools (FPOOL1, FPOOL2 and FPOOL3) have the same C/N ratio and this 
assumption was ineffective in predicting N mineralised from FYM.  The predictive ability of 
the model improved when this default assumptionwas modified based on the size of the 
individual pools (FPOOL1, FPOOL2 and FPOOL3), and the pool’s C/N ratios. The EF, a 
measure of goodness of fit between the simulated and observed data, improved markedly 
for the modified model.  The discrepancy between the modelled and observed data was a 
tendency for the model to underestimate the rate of re-mineralisation at the lower rate of 
application of FYM in the later part of incubation. Unfortunately the appropriate 
modification to the size and C/N ratios of the FPOOLs could not be determined on the 
basis of chemical analysis alone. Thus, a true predictive application of the model to a new 
FYM material is not yet possible. 
 
4.2. Introduction 
Farmyard manure is an important "commodity" that can enhance plant growth and 
reduce the necessity for application of mineral fertiliser (Van Kessel et al., 2000). The 
nutrient value of FYM is highly dependent on factors such as the C/N ratio, and the 
appropriate timing, rate, and method of application to crops. Manure management 
practices that do not take these factors into consideration can result in inefficient nutrient 
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management and detrimental losses of N to the environment (Smith and Chambers, 1993; 
Sutton, 1994). Knowledge of N release from FYM is required to estimate appropriate 
application rates.  
Green manuring is a time-tested strategy to produce useful organic matter for soil 
amelioration and nutrient supply. Many studies in India (Katyal et al., 2001) have 
highlighted the value of green manures. Fast-growing leguminous trees and shrubs like 
Gliricidia, Cassia sp., perennial Sesbaniasp.and Leucaena leucocephala are grown in 
non-agricultural lands or in alley cropping systems for nutrient cycling from the pruned 
biomass (Sharma and Behera, 2010). Gliricidia (locally known as mata-raton, Gliricidia 
sepium Jacquin) is a tree grown in India for green leaf manuring (Gunaseelan, 1988) and 
studies in India (Sharma et al., 2009; Shwetha et al., 2009 and Talathi et al., 2009) and in 
Africa (Kwesiga et al. 1999; Chirwa et al., 2003) have shown an increase in yield due to its 
application to different crops.  
 Nitrogen mineralisation from crop residues and FYM is influenced by the ratios of 
chemical components such as C/N (Sikora and Szmidt, 2001), cellulose and hemicelluose 
(Lupway and Haque, 1998), lignin (Mueller et al., 1998), and lignin to N (Flavel and 
Murphy, 2006), and polyphenol to N ratios (Seneviratne, 2000). Organic amendments with 
similar C/N ratios may mineralize different amounts of N because of differences in 
composition that are not reflected by the overall C/N ratio. Because C/N ratio by itself 
cannot explain all differences in N mineralisation, much effort has been spent on 
characterizing the different compounds or groups of compounds present in organic 
materials. 
 If models are to be useful in helping to manage nutrients in low input cropping 
systems that use FYM, the models must be able to reliably describe the release of N from 
these sources. Palm et al. (1997) noted that there is little predictive ability for making 
recommendations on combined use of organic and inorganic nutrient sources. One reason 
for this is the inability of models to adequately capture the short-term dynamics of the 
release of nutrients from organic amendments. Numerous experiments have shown that 
N-rich plant materials, such as legume residues (green manures), decompose much faster 
than N-poor plant materials such as grain straw (Henriksen and Breland, 1999; Korsaeth 
et al., 2001). While models differ in the pool structure used to describe the decomposition 
of organic inputs, with the pools differing in their rates of decomposition (Hadas et al., 
2004 and Henriksen et al., 2007), the widely used assumption that all pools have the 
same C/N ratio, results in the failure of the models to adequately represent the observed 
release of N from organic amendments. Better understanding of the influence of organic 
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matter composition on the rate and extent of N mineralisation, and subsequently 
parameterising the model based on composition is necessary if this important "commodity" 
is to be fully utilised in crop production systems. 
In the tropics and subtropics, the wide range of organic amendments, varying in 
quality, brings new challenges for modeling. The organic amendments available in these 
areas are poor in quality, particularly in N content, and predicting N mineralisation from 
such complex mixtures is difficult with the existing models (Probert et al., 2005).  Probert 
et al. (2005) reported N mineralisation from different fresh and composted animalmanures 
(poor quality and C/N < 20) from Africa as predicted by APSIM. The APSIM SoilN module 
was modified based on varying C and N in different pools that make up the added organic 
matter. It was shown that the revised model was better able to simulate the general 
patterns of N mineralisation reported for various organic sources. However, their model 
has not been tested for other organic amendments, especially the low quality FYM widely 
used in India. In this study two organic amendments were used, viz., green manure 
(Gliricidia, low C/N ratio and easily decomposable in soil) vs. FYM which is a more 
complex mixture than green manure in terms of quality and N mineralisation pattern. This 
study was intended to provide an insight for N mineralisation from organic materials which 
are different both in their biochemical properties, and C/N ratio from the materials studied 
by Probert et al (2005). The objective of the study was to measure net N mineralised from 
Gliricidia and FYM and then evaluate the SoilN module of APSIM (v 5.2) as a predictor of 
N availability. 
 
4.1. Materials and methods   
4.1.1. Soil  
The study was conducted using the field-moist soil from the top (0-15 cm) layer of a 
cultivated Vertisol (Bhopal, India at 23° 18’ N and 77° 24’ E).  The collected soil was 
thoroughly mixed prior to use, and a sub-sample for chemical analysis taken, air-dried and 
crushed to pass a 2mm sieve, with a further portion ground to pass a 100 mesh sieve. The 
field moist soil had a water content of 22% (gravimetric), so it could be broken up and 
mixed without harming the soil structure. The soil used in the incubation study had pH 
8.1(in 1:2.5 soil:water suspension), organic C content of 5.1 g kg−1 determined by wet 
oxidation procedure of Walkley and Black (1934), a C/N ratio 9.6, and inorganic N (NH4-N 
and NO3-N) content of 30 mg kg-1 (Keeny and Nelson, 1982).  The microbial biomass C 
content of the soil was 0.04% (Jenkinson and Powlson, 1976) with C/N ratio of the 
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microbial pool 8.Total N was determined on 100 mesh soil using the semi-micro Kjeldahl 
method of Bremner and Mulvaney (1982), with the NH4+ determined colorimetrically. 
4.1.2. Green manure and farmyard manure 
The incubation studied N mineralisation from finely ground Gliricidia (twigs and 
leaves) and FYM (collected from a dairy farm), using two rates of application, 5 g kg-1 and 
10 g kg-1 on dry matter basis. The properties of the Gliricidia and FYM are given in Table 
4.1.  
Table 4.1. Composition (dry-weight basis) of the organic manures  
Organic 
material 
Total C 
(%) 
Total N 
(%)  
C/N Water soluble C and 
N (%) 
Lignin 
(%) 
Polyphenols 
(%) 
C N C/N 
Gliricidia 40 3.72 11 17 - -   6.5 1.50 
Farmyard 
manure  
 
33 
 
1.10 
 
30 
 
3 
 
0.06 
 
50 
 
11.0 
 
1.22 
 
Total N was determined on the ground plant material using the semi-micro Kjeldahl 
method of Bremner and Mulvaney (1982), with the NH4+ determined colorimetrically. Total 
C in organic materials was estimated by the weight loss on ignition (Nelson and Sommer, 
1982). Lignin in the organic materials was determined using the ADF method as outlined 
by Rowland and Roberts (1994). Total soluble polyphenols in organic materials was 
determined by the Folin-Ciocalteau method (Constantinides and Fownes, 1994).  
4.1.3. Laboratory Incubation experiment  
For each treatment, a sample of 500 g soil was hand mixed with 2.5 g or 5.0 g of 
organic material (depending upon the rate of application), then transferred to a plastic 
bottle. The control treatment was soil without added organic materials. Soil water retention 
at field capacity (-0.03 MPa) was determined using a pressure plate. The treatment 
mixtures were maintained at field capacity throughout the incubation period by replacing 
any loss of water with the appropriate volume of distilled water at every sampling. The 
duplicate soil and organic material mixtures were incubated at 30±2°C for 14 weeks in a 
laboratory incubator. Soil samples were taken at 0, 1, 2,3, 4, 6, 8, 10, 12 and 14 weeks 
and analysed immediately for inorganic N (NH4-N + NO3-N) using 2M KCl extraction 
followed by distillation (Keeny and Nelson, 1982). Net N mineralised during the incubation 
process was calculated as follows. (Net N mineralised from organic materials)t = (Mineral 
N in the treatment – mineral N in control)t. 
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4.1.4. Modelling decomposition of organic materials and release of nitrogen 
4.1.4.1. Description of the APSIM SoilN module 
The details of the APSIM SoilN module have been described in section 
3.2.1.1.Since the manures vary from crop residues in terms of chemical composition, 
modification of the pool structure and C/N ratio was necessary. The effect of changing the 
pool structure and C/N ratio of individual pools on the modelled decomposition of organic 
materials has been described by Probert et al. (2005).In this study,a similar procedure to 
that of Probert et al. (2005) was employed to modify the APSIMSoilN module so that the 
three pools that constitute added organic matter could be specified in terms of both the 
fraction of C in each pool, and also their C/N ratios (previously it has been assumed that 
all pools have the same C/N ratio).The model was parameterised by associating the 
model parameters withmeasured properties (the pool that decomposes most rapidly 
equates with water-soluble C and N; the pool that decomposes slowest equates with 
lignin-C) (Table 4.1). Then the model was evaluated using data for N mineralised from 
Gliricidia and FYM in the laboratory incubation experiment.  
4.1.5. Model evaluation 
The performance of APSIM simulation for prediction of net N mineralised from the 
application of the manures was evaluated using two commonly used statistics (Smith et al., 
1997, Loague and Green, 1991); (i) the root mean square error (RMSE), Coefficient of 
determination (R2) and (ii) the modelling efficiency (EF). The details description of the 
statistics used for evaluation of the model are given in chapter 3, section 3.2.6.  
 
4.2. Results  
4.2.1. Nitrogen mineralisation from Gliricidia and farmyard manure  
The N mineralised from control soil was used for estimation of net N mineralised 
from Gliricidia and FYM (Fig. 4.1). Gliricidia application, at either rate, increased the 
mineral N content of the soil throughout the incubation period, with greater N 
mineralisation with higher application rate. The application of 5 g kg-1 Gliricidia residue 
increased the mineral N in the soil to 166 mg kg-1, while applying 10 g kg-1 Gliricidia 
increased the mineral N to 256 mg kg-1 at the end of the incubation period. The mineral N 
content of the soil continued to increase for the 10 g kg-1 rate throughout the incubation 
period while that from the 5 g kg-1 rate decreased after 70 days and continued to decrease 
till the end of the incubation period. 
In contrast, application of FYM at 5 g kg-1 reduced the mineral N in the soil (Fig. 
4.1). Increasing the rate of FYM application, increased the time that mineral N in the soil 
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was maintained at a low concentration. Application of 10 g kg-1 FYM reduced the mineral 
N in soil to zero in 14 days.The soil remained depleted of mineral N till 21 days, when the 
system began to mineralize N. The mineralisation process for N started one week later for 
the 5 g kg-1 rate (28 days) than for the 10 g kg-1 rate (21 days). Throughout the incubation 
period, the high rate of FYM application (10 g kg-1) maintained lower mineral N 
concentration than the low rate (5 g kg-1). For the 5 g kg-1 FYM rate, net N mineralised 
became positive at the end of 84 days and continued to be positive till the end of the 
incubation (Fig. 4.1). At the end of the incubation period, the net N mineralised was 16.8 
mg kg-1 for 5 g kg-1of FYM and -3.8 mg kg-1 for 10 g kg-1 of FYM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Nitrogen mineralisation in soil from the application of Gliricidia and FYM.  
The vertical bars represent ± standard errors. 
 
4.2.2. Modelling N mineralised from Gliricidia and farmyard manure 
The model was used to simulate the effect of rates of application of Gliricidia and 
FYM on N mineralisation. Although there was slight under-prediction of N mineralisation 
from the control soil (Fig. 3.6), the general pattern agrees well with the measured data (EF 
= 0.62) and was considered acceptable for estimation of net N mineralised from Gliricidia 
and FYM.  
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The model predicted N mineralisation for the two application rates of Gliricidia 
satisfactorily (Fig. 4.2). Though the model underestimated the N mineralisation from the 5 
g kg-1 rate (R2 = 0.96, RMSE = 21.4, EF =0.56), the higher EF (0.95) in case of the 10 g 
kg-1 rate suggested a better representation of the pattern of N mineralisation by the model 
(Table 4.3). The amount of N mineralised as predicted by the model from the 10 g kg-1 
rate of Gliricidia was twice the amount N mineralised from the application of 5 g kg-1. The 
higher EF (0.88) obtained from the comparison of observed and predicted data from both 
the application rates suggested a satisfactory goodness of fit by the model. 
The simulation of N immobilised from both the rates of FYM as predicted by the un-
modified model (whereadded C in the three FPOOLs is always in the proportion of 0.2-0.7-
0.1) (Fig. 4.3) resulted in poor goodness of fit (R2 = 0.68, RMSE = 14.7 and EF = 0.05) 
(Table 4.3). So, the model pools were modified, based on the observed data of water 
soluble C and lignin content (Table 4.1). Simulation was carried out, and FPOOL C and 
C/N ratio adjusted within a narrow range, to optimize correspondence between the 
observed and predicted values. The simulation with the greatest closeness of fit between 
the observed and predicted values (Fig. 4.3) was achieved by changing the FPOOLs C in 
the proportion of 0.09-0.73-0.18 and C/N ratio to 50, 43.8 and 12.1 (Table 4.2).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2. Net N mineralisation from Gliricidia applied at 5 g kg-1 and 10 g kg-1 as  
predicted by the model. The experimental data shown as symbols with vertical  
bars representing mean±standard error. The continuous line is the output from the  
model. 
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Table 4.2. Biochemical composition of the organic manures used for the simulation 
study  
Treatment Overall 
C/N ratio 
Proportion of C in 
FPOOLs (%) 
C/N ratio of FPOOLs 
Pool 1 Pool 2 Pool 3 Pool 1 Pool 2 Pool 3 
FYM 
(unmodified) 
30 20 70 10    30   30     30 
FYM (modified) 
(Scenario 1) 
30   9 73 18    50 43.8 12.1 
Scenario 2  30   9 73 18  55.1 48.1 10.9 
Scenario 3 30   9 73 18    60 52.1 10.1 
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Fig. 4.3. Net N mineralisation from FYM applied at (a) 5 g kg-1 and (b) 10 g kg-1 
aspredicted by the model (scenario 1). Experimental data shown as symbols 
withbar representing ± standard errors. The dotted line is for the un-modified 
model,where all organic material is assumed to decompose with the same C/N ratio; 
thecontinuous line is for the modified model with different C/N ratio in each FPOOL.  
The parameters used to specify the proportion of C and C/N in the three FPOOLsare 
given in Table 4.2. 
 
Table 4.3. Statistical criteria for evaluation of the model 
Treatment R2 RMSE EF 
Gliricidia (5 g kg-1) 0.96 21.4 0.56 
Gliricidia (10 g kg-1) 0.98 11.8 0.95 
All treatments a 0.93 17.3 0.88 
Un-modified model 
FYM (5 g kg-1) 0.68 14.1 0.04 
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FYM (10 g kg-1) 0.91 15.2 -0.76 
All treatments b 0.75 14.7 0.05 
Modified model 
Scenario 1    
FYM (5 g kg-1) 0.56 11.7 0.35 
FYM (10 g kg-1) 0.88   5.9 0.73 
All treatments 0.70   9.24 0.62 
Scenario 2    
FYM (5 g kg-1) 0.56 11.6 0.36 
FYM (10 g kg-1) 0.87   5.67 0.75 
Scenario 3    
FYM (5 g kg-1) 0.52 11.6 0.35 
FYM (10 g kg-1) 0.83   6.42 0.68 
a, for Gliricidia and b, for FYM. 
All treatments: It is the total number of observed and predicted values taken for statistical 
analysis. 
 
The model assumes the water soluble component of C and N as FPOOL1. From 
the analytical results, it was possible to determine the proportion of C in this pool and its 
C/N ratio (Table 4.2), and these values were used in the model. We also assumed 
thatacid detergent lignin, which is a proximate analysis of lignin, equates to FPOOL3, 
permitting the fraction of C in this pool to be estimated (%C in FPOOL3 was 18% based 
on the assumption that lignin contains 55% C and FYM contains 11% lignin, Table 4.1). 
The fraction of C in FPOOL2 was found by difference. Since, the overall C/N ratio (on a 
total dry matter basis) is also known, the only missing information was the distribution of 
water insoluble N between FPOOL2 and 3.A series of simulations were carried out for 
FYM with different combinations of C/N in the two pools, and this enabled selection of the 
C/N ratios giving an acceptable fit to the observed data. The input data used for the 
modified model are given in Table 4.2. Based on the observed values for the water soluble 
component and lignin component, the modified model predicted the N mineralisation 
pattern from the application of both the rates better than the un-modified model (Fig. 4.3). 
The improvement in RMSE and EF values for the modified model suggested a better 
comparison between observed and predicted data than the unmodified model (Table 4.3) 
though the R2 values were higher in unmodified model. The goodness of fit for the 10 g kg-
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1 application rate of FYM was better (RMSE = 5.91, EF = 0.73) than the 5 g kg-1 rate 
(RMSE = 11.7, EF = 0.35) (Fig. 4.3).   
To improve the prediction performance of the model for the 5 g kg-1 rate, a series of 
simulations were carried out where the C/N ratio of FPOOL1 and FPOOL2 were changed 
within 20% of the observed values. For this, three scenarios were developed. Scenario 1 
takes into account the observed C and C/N ratio of FPOOL1 and FPOOL3 (as presented 
in Fig. 4.3). The scenario 2 and scenario 3 represent a 10 and 20% increase in C/N ratio 
of FPOOL1 and FPOOL2 (Table 4.2). The goodness of fit statistics from the simulations of 
scenarios 1, 2 and 3 are presented in Table 4.3 and the changes made for the FPOOLs 
(C/N ratio) are given in Table 4.2.   
 By changing the C/N ratio of FPOOL 1 and FPOOL2, we were able to improve the 
simulation marginally for the 5 g kg-1 rate (RMSE = 11.6, EF = 0.36), while it was much 
improved for the 10 g kg-1 application rate (RMSE = 5.67, EF = 0.75) (Table 4.3). Where 
the C/N ratio of FPOOL1 and FPOOL2 increased further, to 20% (scenario 3), the 
prediction was not better for either rate of application. By changing the C/N ratio of 
FPOOL1 and FPOOL2 (scenarios 2 and 3), the goodness of fit for the 5 g kg-1 rate could 
not be improved substantially, but the patterns of N mineralisation from both the 
application rates were satisfactorily predicted by the model. For both the application rates, 
the overall EF (0.62) suggested a reasonable goodness of fit between the observed and 
predicted data (Table 4.3). 
 
4.3. Discussion  
4.3.1. Nitrogen mineralisation from Gliricidia and farmyard manure 
Low C/N organic materials cause mineralisation of N as they are decomposed, 
whereas high C/N organic materials cause immobilisation of mineral N as they are utilized 
by the soil microbial biomass (Schimel et al., 1992; Mary et al., 1996).  In this study, 
Gliricidia, a green manure crop with low C/N ratio, lignin and polyphenol content,  was 
easily degraded by microbes and released N to soil environment (Table 4.1). So, 
application of Glricidia to soil was expected to mineralise N from the start of incubation 
process (Fig. 4.1).  
The amount of N mineralised from green manure crops varies widely with 
mineralisation rates of 10 to 78% of added N reported by various authors from green 
manure crops like, Gliricidia, Crotalaria, Vigna radiata, and Leucaena (Singh, et al., 1988; 
Das et al., 1993; Gachengo et al., 2004). In this study, the amount of N mineralised from 5 
g kg-1 application rate was 65%, with 54% mineralised from the 10 g kg-1 rate. These 
66 
 
values fall in the range reported by other researchers. The wide variation observed in the 
N mineralisation from green manures could be attributed to variation in materials applied, 
biochemical qualities (Mary et al., 1996), rates of addition, incubation temperature, in 
addition to different soil characteristics (Breland, 1994). 
Organic materials with similar C/N ratios may mineralise different amounts of N 
because of differences in composition that are not reflected by the C/N ratio (e.g. different 
lignin contents). Some studies have identified groups such as polyphenols, proteins, 
soluble carbohydrates, and hemicellulose-like, cellulose-like, and lignin-like compounds 
have related them to organic residue decomposition (Thuriés et al., 2002: Wang et al. 
2004). The FYM used India is composed of many feed and faecal materials, straw, house 
hold wastes from farmers, and has a different chemical composition to crop residues. To 
model the N mineralisation from such a complex material it was necessary to have its 
properties (e.g., water soluble fraction and lignin fraction) analysed (Table 4.1), and to use 
these characteristics to modify the model. 
In the incubation experiment reported here, application of Gliricidia and FYM to the 
soil caused two different and distinct phenomena, mineralisation for Gliricidia and rapid 
immobilisation of the soil mineral N for FYM. Within 2 weeks, FYM application reduced the 
mineral-N in the soil system; the higher rate of application reduced mineral N to zero (Fig. 
4.1). From the incubation study it was observed that the amount of N immobilised from the 
application of the low rate (5 g kg-1) of FYM was limited by C availability, whereas at 
higher rate (10 g kg-1), it was limited by mineral N. The disappearance of mineral N in the 
soil system was caused by microbial immobilisation (Recous et al., 1995). Increasing the 
rates of application of FYM caused more immobilisation of available N, indicating 
utilization of available N by microbes when decomposing organic materials with high C/N 
ratio (Jansson, 1958; Alexander, 1977). Thus, a large proportion of N remains in the 
organic form in the FYM treated soils. With time, this organic N will be mineralised and 
made available for plants, the pattern of mineralisation depending on the N content of 
FYM and amount applied (Salazar et al., 2005). Since N content of FYM used in India is 
low (Table 4.1), the period of immobilisation will be relatively long. The FYM-N and the 
immobilised soil N may become available to same crop in the later part of its growing 
season, or to the next crop in the cropping sequence. The chances of N loss from the 
farming system (NO3 leaching/denitification) will be reduced as the N will slowly be 
released to the crop. The residual effects of FYM on crop yields in several cropping 
systems in India have been reported (Bhandari et al., 2002; Ghosh et al., 2004 and Ladha 
et al., 2003). 
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4.3.2. Simulation of N mineralisation from Gliricidia and farmyard manure 
The APSIM model predicted N mineralisation from Gliricidia satisfactorily under 
different rates of application (Fig. 4.2). From the experimental data, it was observed that, 
at the end of the incubation period, about 65% of the applied N was mineralised for the 5 g 
kg-1 rate Gliricidia, while the N mineralised from the 10 g kg-1 rate FYM was 54%. This 
result was not reproduced by the model. The model predicted N mineralisation from the 10 
g kg-1 rate was twice that from the application of 5 g kg-1, under-predicting the amount of N 
mineralised from the 5 g kg-1 rate. The observed average of applied N mineralised at the 
end of the incubation period from both application rates was 59% compared to the 
simulated average of 49%. However, this comparison masks the true extent of under-
prediction. The model underestimated N mineralisation in the control soil (Fig. 3.6), with 
this error resulting in an increase in the net mineralisation predicted where organic matter 
was added. Thus, the model actually underestimated the N mineralisation from both the 
rates of application of Gliricidia. Nevertheless, the general pattern of N mineralisation 
predicted by the model for Gliricidia was a good representation of the data, and the 
goodness of fit statistics used for the evaluation of the model were quite satisfactory. 
 The study indicated that the APSIM SoilN module predicted N mineralised from 
FYM more efficiently when the pool structure and C/N ratio of the FOM pools were 
modified according to the observed biochemical properties of the material. In crop 
residues, C content varies little (Palm et al. 2001), and for most organic materials the 
APSIM default value of 40% C in the dry matter is appropriate. However, this value is not 
appropriate for FYM. A second assumption in the APSIM SoilN module, that the C in crop 
residues and roots added to the soil FOM is distributed between the three FPOOLs in the 
ratio 20:70:10, would not hold true for materials like FYM. Probert et al. (2005) in a study 
of N mineralisation from feed and faecal materials in laboratory incubation studies, altered 
the APSIM SoilN module so that the three pools (carbohydrate-like, cellulose-like and 
lignin-like fractions) that constitute added organic matter could be specified in terms of 
both fraction of C in each pool and also their C/N ratio. By doing so, the model was able to 
perform better in simulating the pattern of N release. 
The data for C and N in the water soluble components were to specify FPOOL1 
and the measured lignin content to specify the C content of FPOOL3.Using these values 
and an iterative approach to identifying an appropriate value for FPOOL2, a more 
accurate prediction was obtained (Fig. 4.3). In this simulation, the C/N ratios were 
adjusted as follows; FPOOL1 to 50, FPOOL2 to 43.8, and FPOOL3 to12.1. For FYM, the 
goodness of fit was substantially better for modified model than for the unmodified one 
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(Table 4.3). Using the analytical data to specify the proportion of C in each of the FPOOLs, 
and the C/N ratio of the FPOOL1, it was possible to choose values for the C/N ratios of 
FPOOL2 and FPOOL3 to obtain satisfactory fits with the observed data. Unfortunately the 
appropriate modification to the FPOOLs could not be determined on the basis of chemical 
analysis alone, and an iterative approach was needed to optimize the C/N ratios of 
FPOOL2 and FPOOL3. As the characteristics of FYM differ widely, the values determined 
for the FPOOLs in this study will not be applicable to all the other FYM materials. Thus, 
the model cannot be used in a truly predictive way for a new FYM. 
 The main discrepancy between the observed and predicted response was the 
amount of N re-mineralised during the later part of incubation process for the 5 g kg-1 rate 
of FYM. The observed mineralisation was more rapid than that predicted by the model. In 
an attempt to improve the predictive performance of the model for the 5 g kg-1 rate FYM, a 
series of simulations were carried out where the C/N ratio of FPOOL1 and 2 were 
increased (10 and 20% increase in C/N ratio of FPOOL1 and FPOOL2 in scenarios 2 and 
3). Further modification to the model did not appreciably improve the predictive 
performance for the 5 g kg-1 rate FYM (Table 4.3). The rapid re-mineralisation of N for the 
5 g kg-1rate could be attributed to the rapid break down of the BIOM phase (microbial 
biomass). 
 From this study, it was observed that the application of a high rate of FYM caused 
more rapid immobilisation of mineral N in soil than a low rate of application. To counter the 
immobilisation demand, initial application of N from external sources to soils has been 
reported for manures (Jokela, 1992; Jha et al., 1996) and crop residues (Singh et al., 1992; 
Blackmer and Green, 1995), and the model provides an option for estimating how much N 
is required. The performance of the APSIM model in simulating the N mineralisation from 
different rates of Gliricidia and FYM was satisfactory once appropriately 
parameterised.The EF, a measure of goodness of fit between the simulated and observed 
data, improved markedly for the modified model. 
Simulating N mineralised from FYM is important for many cultivation practices 
where FYM is applied alone (e.g. organic farming, where high rates of FYM are applied to 
meet the N demand of the crop) or together with inorganic fertilisers to meet the N 
requirement in the system (known as integrated nutrient management). Integration of 
organic with inorganic nutrients sources has been successful in meeting the nutrient 
demands of crops as reported in various cropping systems viz: soybean-wheat cropping 
systems (Bhattacharyyaet al., 2008) and rice-groundnut (Prasad et al., 2002) in India. 
Simulation modelling of N mineralised from organic materials will help in efficient nutrient 
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management practices in these systems, but to achieve this, a means of parameterizing 
the model on the basis of readily measured characteristics of the organic matter is needed.  
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Chapter 5 
Simulating the soybean-wheat cropping system of Madhya Pradesh of central India: 
APSIM model (v 6.0) parameterisation and validation 
 
5.1. Summary 
In recent years, nutrient management in the soybean-wheat systems in central 
India has become a cause for concern because of stagnation of grain yields of soybean 
and wheat. Poor grain yield has mainly been attributed to a suboptimal supply of nutrients 
to both of the crops, use of poor quality farmyard manures, erratic distribution of rainfall 
during soybean’s growing season, and unavailability of irrigation water during wheat 
season. In this connection, crop growth simulation models may provide a means of 
identifying the constraints to yield and recommending appropriate management practices 
to optimize the productivity of soybean-wheat system. To achieve this, the APSIM model 
was parameterised and validated for the soybean and wheat system of subtropical central 
India. 
Independent data sets were used to parameterise soybean (Glycine max) cultivar 
(JS 335) and wheat cultivar (Sujata) to be used for APSIM simulation. Genetic coefficients 
generated from this study were used for subsequent model validation. The data on water 
use, N uptake, grain yield and SOC from a long-term experiment was used for validation. 
Three nutrient treatments, viz., control (no nutrient), inorganic (20 kg ha-1 N; 26 kg ha-1 
Pand 17 kg ha-1 K to soybean and 100 kg ha-1 N; 26 kg ha-1 P and 33 kg ha-1 K to wheat) 
and FYM (8 t ha-1 to soybean and 16 t ha-1 to wheat) were used to validate the APSIM 
model. For organic treatments, N management was simulated using FYM as the source of 
plant available N under field conditions. The model was parameterised by specifying the N 
mineralised from the manure in the laboratory incubation as described in Chapter 4. The 
model successfully predicted grain yield and N uptake under FYM treatments in soybean 
and wheat. For other treatments, model prediction was satisfactory in most of the cases in 
simulating water and organic C, grain yield and N uptake by both the crops. The 
discrepancy observed between the observed and predicted yield in the control under 
soybean was attributed to the P deficiency in this treatment, rather than a failure of the 
model to describe N availability. The predicted variability of crop yield was also due to the 
variation of weather during soybean growing season, the amount of irrigation, and N used 
during wheat growing season. Therefore, SoilN module of APSIM model and its 
subsequent versions can satisfactorily be used to guide nutrient management for the 
soybean–wheat cropping system. 
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5.2. Introduction 
Soybean has emerged as one of the major rainy season cash crops in central India. 
The state of Madhya Pradesh has been identified as a ‘Soya State’ on account of its share 
in area (77%) and production (72%) of soybean in India (SOPA, 2012). The area sown to 
the crop has increased from 30,000 ha in 1970 to over 10.7 million ha in 2012. The crop is 
predominantly grown on Vertisols and associated soils with an average crop season 
rainfall of about 900 mm, but varying greatly across locations and years. Introduction of 
soybean in these areas has led to a shift in the cropping system from rainy season fallow 
followed by post-rainy season wheat or chickpea (Cicer aeritinum L) (fallow-
wheat/chickpea) to soybean followed by wheat or chickpea (soybean–wheat/chickpea). 
Soybean–wheat production is the dominant cropping system of central India (Mandal et al., 
2002). This has resulted in an increase in the cropping intensity and resultant increase in 
the profitability per unit land area. Despite its phenomenal growth in area, the average 
productivity of soybean has remained more or less at 1 t ha-1 due to several abiotic, biotic 
and socio-economic factors (Bhatnagar and Joshi, 2004). These include crop 
management factors such as suboptimal use of nutrients, suboptimal planting time, poor 
plant population, and infestation with weeds, pests and diseases that limit productivity 
(Bhatnagar and Joshi, 2004; Paroda, 1999). The average yield of wheat in Madhya 
Pradesh (1.7 t ha-1) is 43% lower than national average (2.98 t ha-1)(Annonymous, 2011-
12). Proper management of inputs particularly N and irrigation water using modern 
technology is essential for maximizing production and for providing high returns to farmers. 
With efficient use of available resources, farmers can harvest 10-40% additional yield 
(Reddy and Sen, 2004).  
In cropping systems, either inorganic fertilisers or organic manures alone may not 
sustain crop productivity. So, judicious use of organic manures and inorganic fertilisers are 
essential to safeguard soil health and augment productivity and nutrient use efficiency. 
The positive effect of integrated use of FYM and inorganic fertilisers on productivity of 
soybean–wheat system has been reported by many workers (Ghosh et al., 2004; 
Bhattacharyya et al., 2008). Transfer of such site- and season-specific findings to other 
locations and evaluation of alternative management strategies is possible using crop 
simulation models. Alagarswamy and Virmani (1996) reported that long-term simulation 
analysis gives a clear indication of the risks associated with alternative N fertiliser 
application strategies. Since long-term experimental evaluation of conditional and/or 
alternative management strategies requires huge investment of money and time, crop 
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simulation models suggest alternative management strategies to evaluate the risks 
associated with crop production. 
 Simulation models with demonstrated accuracy and reliability provide an alternative 
method of investigating both short and long-term agricultural practices with low time 
requirements and cost (Farage et al., 2007; Malone et al, 2007). Evaluation of a crop 
simulation model involves establishing confidence in its capability to predict outcomes 
experienced in the real world. Models that can simulate nutrient release patterns 
according to the resource quality, soil conditions, and climate would provide a means of 
making initial nutrient recommendations to optimize the use of different resources 
depending upon their availability. 
The APSIM modeling framework (Keating et al., 2003; website www.apsim.info) 
was selected because it is one of the most appropriate models for use in tropical and 
subtropical soil and crop management conditions, and because of its ability to simulate the 
effect of application of FYM on N availability to crops(Chapter 4, section 4.1.4). The 
APSIM model has been reported to simulate realistically the observed yields of soybean, 
wheat and several other crops and cropping systems (Singh et al, 1999; Chikowo et al., 
2008; Chen et al, 2010; Asseng et al, 2011). Through the linking of crop growth with soil 
processes, the APSIM model is particularly suited for assessing the impacts of alternative 
management practices on the soil properties and crop productivity. 
To establish how broadly applicable the APSIM model may be, it is necessary that 
the model be tested in different geographical conditions, for different crops and soil fertility 
management, including supply of nutrient from organic and inorganic sources. The APSIM 
model provides the short time-step essential for simulating effects of management on 
nutrient availability and crop growth, and incorporates long-term effects of changes in 
SOM content and hence N mineralisation. The model has been used to predict N release 
from different organic sources (feed and faecal materials of animals) (Probert et al., 2005) 
and from the Indian FYM (Chapter 4 and section 4.1.4). To evaluate the capacity of 
APSIM to simulate crop growth in response to application of organic and inorganic 
sourcesof N for the Indian the soybean-wheat cropping system, the following objectives 
were set: 
(i) Determine the genetic coefficients of local soybean and wheat cultivars for 
parameterisation of the APSIM model. 
(ii) Validate the model for different N management practices (organic and inorganic 
sources) under soybean-wheat cropping system. 
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(iii) Evaluate the model in predicting soil water content, grain yields and N uptake by 
soybean and wheat crops using results from a long-term soybean-wheat 
experiment. 
 
5.3. Materials and methods 
5.3.1. Model description 
APSIM is a crop growth model that combines biophysical and management 
modules to simulate cropping systems (Keating et al, 2003). It simulates crop growth in a 
givenenvironment, including temperature, solar radiation, water and N supply, but does 
not consider pest and diseases. In this study, APSIM (version 6.0) was configured with the 
soybean and wheat modules, the soil water module SoilWat, and the soil N module SoilN, 
SurfaceOM and Manager. 
5.3.2. Parameterisation of the APSIM model 
The APSIM model was parameterised for soybean and wheatcrops grown during 
the years 2003 to 2005 in field experiments conducted at the research farm of the Indian 
Institute of Soil Science, Bhopal (23° 18’ N and 77° 24’ E).  
5.3.2.1. Parameterisation of crop cultivars in the model 
Cultivars used in the experiment were soybean, JS 335 (medium maturing, 100-110 
days duration), the most popular and predominant cultivar in central and peninsular India, 
and wheat cultivar Sujata (long maturing, 140-150 days duration), one of the widely grown 
cultivars in Madhya Pradesh, India.  
Soybean was sown on July 15, 2005 under rainfed condition. Fertiliser to supply 20 
kg ha-1 N; 26 kg ha-1 Pand 17 kg ha-1 K was applied at the time of sowing. A plant 
population of 50 plants m-2 was maintained with a row-spacing of 30 cm. Standard 
agronomic practices for weed and insect control were followed to maintain the plots free 
from biotic stresses. The crop data collected for the parameterisation of the soybean was 
based on the procedure of Fehr et al. (1971). Minimum crop data sets required for 
parameterising the model included dates of emergence, anthesis, maturity, pod initiation 
and full pod, grain yield, above-ground biomass, grain weight. 
Wheat was sown on November 17, 2003 under irrigatedconditions. Fertiliser to 
supply 100 kg ha-1 N; 26 kg ha-1 P and 33 kg ha-1 K was applied at the time of sowing. A 
plant population of 120 plants m- 2 was achieved with a row spacing of 22.5 cm. Standard 
agronomic practices for weed and insect control were uniformly followed to maintain plots 
free from biotic stresses. The crop data collected for the parameterisation of wheat was 
based on the procedure of Zadoks et al. (1974). 
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To simulate a crop cultivar, the APSIM-soybean and wheat modules require genetic 
coefficients that describe the growth and development characteristics for each individual 
cultivar (Table 5.1). Based on the observations made and weather records from the 
location, the thermal time between various growth stages of soybean and wheat could be 
estimated providing genetic coefficient for leaf area index (LAI), total biomass, grain yield, 
time to reach 50% flowering, physiological maturity, etc. These coefficients were used in 
the subsequent model validation. The thermal time (TT) measured in growing degree-days 
(GDD, °C-day) between two growth stages of the crop is caluculated based on the 
following formula (McMaster and Wilhelm, 1997). 
 
𝐺𝐺𝐺𝐺𝐺𝐺 = [𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ]2 − 𝑇𝑇𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏 ...............................eq. 1 
 
Where Tmax is the daily maximum air temperature, Tmin is the daily minimum air 
temperature and Tbase is the temperature below which the process of interest does not 
progress. Tbase varies among crop species and also among cultivars of a particular crop 
and likely to vary with growth stage or process being considered (Wang. 1960). To simplify 
eq. 1, the quantity [𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ] 2  is considered to be equal to Tavg. The intenet of eq. 1 is to 
describe the heat energy received by the crop over a given time period. The base 
temperature for soybean and wheat in this study was considered to be 8 and 5 °C. 
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Table 5.1. Parameterisation of crop genotype used in the model for soybean and wheat simulation 
Parameters or variables Acronym Value Units 
Cultivar name Variable name JS335  
Phenology    
Emergence: end of juvenile TT_EMERG_TO_ENDJUV   60 ºC days 
End of juvenile: floral initiation TT_ENDJUV_TO_INIT 480 ºC days 
Floral initiation: flowering TT_INIT_TO_FLOWER   60 ºC days 
Flowering: start grain filling  TT_FLOWER_TO_SATRT_GRAIN 400 ºC days 
Start grain filling: end grain TT_START_TO_END_GRAIN 610 ºC days 
End grain: maturity TT_END_GRAIN_TO_MATURITY   60 ºC days 
Maturity: harvest ripe TT_MATURITY_TO_RIPE    5 ºC days 
Radiation and water use    
Radiation use efficiency RUE 0.88a g MJ-1 day-1 
Transpiration use efficiency coefficient TRANSP_EFF_CF 0.005 kPa 
Cultivar name NAME Sujata  
Phenology    
Emergence: end of juvenile TT_EMERG_TO_ENDJUV 800 ºC days 
End of juvenile: floral initiation TT_ENDJUV_TO_INIT   50 ºC days 
Floral initiation: flowering TT_INIT_TO_FLOWER 450 ºC days 
Flowering: start grain filling  TT_FLOWER_TO_SATRT_GRAIN 120 ºC days 
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Start grain filling: end grain TT_START_TO_END_GRAIN 380 ºC days 
End grain: maturity TT_END_GRAIN_TO_MATURITY   50 ºC days 
Maturity: harvest ripe TT_MATURITY_TO_RIPE    1 ºC days 
Genetic    
Potential grain growth rate during grain filling POTENTIAL_GRAIN_FILLING_RATE 0.002 g grain-1 day-1 
Potential grain growth flowering to grain 
filling 
POTENTIAL_GRAIN_GROWTH_RATE 0.001 g grain-1 day-1 
Leaf development PHYLLOCHRON 105  
Vernalization sensitivity VERN_SENS 1.85  
Photoperiod sensitivity PHOTO_SENS 3.0  
Radiation and water use    
Radiation use efficiency RUE 1.24 g MJ-1 day-1 
Transpiration use efficiency coefficient TRANSP_EFF_CF 0.006 kPa 
 
a = 0.88 from emergence to end of grain filling and 0.44 thereafter 
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5.3.2.2. Soil parameterisation 
For the soil water balance module the inputs include soil bulk density, saturated soil water 
content, soil water at field capacity and wilting point in the soil layers that make up the 
profile, and two parameters (U and CONA) which determine first and second stageof soil 
evaporation. The U and CONA values for the soil used for the simulations were 6 mm and 
3.5, respectively. The soil albedo value considered for the simulations was 0.13 while the 
value of bare runoff curce number (CN2_BARE) was 73. There are also crop specific 
parameters (XF, LL and KL) that determine rate of root extension, crop’s lower limit of 
water extraction and water extraction parameters. Soil water characteristics used to 
specify the model for the experimental site are given in Table 5.2. 
The input parameters for SoilN include pH, organic C, FINERT (inert C fraction) and 
FBIOM (microbial biomass fraction). The pH of the soil profile ranged from 7.8-8.0. The 
soil parameters used for simulation are given in Table 5.2. Lower limit, drained upper limit, 
saturation, bulk density, organic C, pH and NH4- and NO3-N are determined under 
laboratory condition using standard procedures and some parameters like FBIOM and 
FINERT used for parameterisation are collected from literature for Vertisols and similar 
soils of central India (Dinakarn et al., 2011; Kundu et al., 2012). 
5.3.2.3. Parameterisation of N released from farmyard manure  
The SoilN module of APSIM was used to specify N released from FYM following 
the procedure of Probert et al. (2005) and (Chapter 4, section 4.1.4). Briefly, crop residues 
added to the soil and roots, are designated fresh organic matter (FOM) and are 
considered to comprise three pools (FPOOLs), sometimes referred to as the 
carbohydrate-like (FPOOL1), cellulose-like (FPOOL2) and lignin-like (FPOOL3) fractions 
of the residue. Each FPOOL has its own rate of decomposition, which is modified by 
functions to allow for the effects of soil temperature and soil water. 
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Table 5.2. Soil parameterisation of Vertisol at IISS, Bhopal experimental farm to specify APSIM simulations. LL = lower limit, 
DUL= drained upper limit, SAT = saturated volumetric water content, BD = bulk density, OC = organic carbon, Fbiom = Non-
inert fraction of microbial C, and Finert = Inert fraction of organic C 
 
Soil 
layer 
(cm) 
LL  
(m3 
m-3) 
DUL  
(m3 
m-3) 
SAT  
(m3 
m-3) 
BD  
(Mg 
m-3) 
OC  
(%) 
NH4-N  
(mg 
kg-1) 
NO3-N  
(mg 
kg-1) 
Fbiom 
(0-1) 
Finert 
(0-1) 
Soybean Wheat Soybean Wheat 
XF (0-1) LL  
(mm 
mm-1) 
KL  
(0-1) 
LL 
(mm 
mm-1) 
KL 
(0-1) 
0-15 0.24 0.39 0.51 1.28 0.49 15 1.6 0.04 0.4 1 1 0.20 0.1 0.20 0.06 
15-30 0.27 0.38 0.49 1.34 0.47 12 1.9 0.02 0.6 1 1 0.24 0.1 0.24 0.06 
30-60 0.27 0.39 0.47 1.35 0.46   8 1.5 0.02 0.8 1 1 0.25 0.1 0.24 0.06 
60-90 0.28 0.40 0.45 1.40 0.43 4.5 1.5 0.02 1 1 1 0.24 0.09 0.30 0.04 
90-120 0.28 0.41 0.45 1.45 0.41 3.5 0.5 0.01 1 0 1 0.30 0.07 0.30 0.02 
XF: Root exploration parameters; LL: crop water lower limit; KL: water extraction parameter 
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It is assumed that the same FPOOLs also constitute organic C and N in FYM, but 
earlier studies (Chapter 4) have shown that the prediction of N mineralisation from FYMs 
was improved where the proportion of C and Nin these FPOOLs differ from the default 
values used for crop residues and roots. To specify the model, FPOOL1 which 
decomposes most rapidly has been equated with water soluble C and N, whilst FPOOL3 
which is slowest to decompose was equated with lignin-C. 
 For the FYMs applied each year in the field experiment, the total C and N were 
measured, but water soluble- and lignin-C were not. We have assumed that the 
distribution of C and N between the FPOOLs is always the same and have used the 
values used in section 4.1.4 to describe N mineralisation in incubation studies. Full details 
of the specification of C and N in the different FYM used are given in Table 5.3. 
 
Table 5.3. Parameterisation of FYM 
Year  % C % N C/N ratio 
2002 Soybean 29.00 1.10 26 
 Wheat 32.94 1.22 27 
2003 Soybean 29.90 1.15 26 
 Wheat 31.25 1.25 25 
2004 Soybean 28.71 0.99 29 
 Wheat 28.50 0.95 30 
2005 Soybean 24.70 0.95 26 
 Wheat 29.41 1.11 26.5 
Partioning of C and N between FPOOLs  
 FPOOL1* FPOOL2 FPOOL3  
Fraction C* 0.09 0.73 0.18  
Fraction N 0.054 0.50 0.446  
* Based on the incubation experiment 
 
5.3.3. Validation of the APSIM model 
 The well parameterised APSIM model was validated to simulate soil water content, 
grain N uptake and yield of soybean and wheat against the experimental data (2002 to 
2006) from a long-term fertility trial carried out at the experimental farm of the Indian 
Institute of Soil Science, Bhopal (Anonymous, 2004-05). The experiment was initiated in 
the year 2002 to evaluate different on-farm and off-farm resource based integrated plant 
nutrient supply modules for sustainable productivity of soybean-wheat system in a Vertisol. 
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The genetic coefficients developed and presented in Table 5.1 for both the cultivars of 
soybean and wheat were used for validation purpose. The weather data, soil properties 
and management practices usedfor validation purpose that are different from the 
parameterisation procedure are given below. 
5.3.3.1. Weather 
The input weather data required to run the APSIM included daily maximum and minimum 
temperature, solar radiation andrainfall. The weather data collected during the year 2002–
2006from an automatic weather station located 150 m away from the experimental site 
was used for validation of the model againstthe long-term dataset. The total rainfall 
recorded in an automatic weather station was 763 mm for 2002, 1113 mm for 2003, 863 
mm for 2004 and 917 mm for 2005 (Fig 5.1). The average maximum monthly temperature 
is reached in May (40.7 °C) and the average minimum monthly temperature is reached in 
January (10.4 °C).The mean rainfall received (average of 22 years) during crop growing 
season (June to September) was 148 mm for June, 333 mm for July, 391 mm for August 
and 126 mm for September. There was year to year variation in rainfall during soybean 
and wheat growing seasons.  
5.3.3.2. Soil 
The soil of the long-term experimental site is predominantly smectitic, an Entic 
Chromustert (Soil Taxonomy, 1974), having 52% clay, 30% silt, 18% sand, pH 7.8, 49 
cmol (p+) kg-1 cation exchange capacity and 4.9 g kg-1 organic C in the 0-15 cm layer. The 
inorganic N (NH4-N + NO3-N) measured in the 0-15 cm soil layer at the beginning of the 
experiment in 2002 was 22 mg kg-1. The initial plant-available P as measured by the 
conventional soil test using 0.5 M NaHCO3 extractant (Olsen P) was 4 mg kg-1. The other 
soil properties used for parameterisation of the model remained unchanged for validation 
(Table 5.2). 
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Fig. 5.1. Rainfall patterns during the years 2002, 2003, 2004, 2005 and 22 year 
average (normal) at Bhopal. 
 
5.2.4.3. Treatments 
Three treatments were selected out of the thirteen treatments from the long-term 
fertility experiment for the simulation study to provide a contrast in nutrient management 
(Anonymous, 2004-05). The treatments were (i) control (no nutrient added), (ii) inorganic 
(applied fertiliser for soybean was 20 kg ha-1 N, 26 kg ha-1 P and 11 kg ha-1 K and that 
ofwheat was 100 kg ha-1 N, 22 kg ha-1 P and 17 kg ha-1 K), and (iii) organic (8 t FYM ha-1 
to soybean and 16 t FYM ha-1 to wheat). In the organic treatment, the manure was 
incorporated to a depth of 5 cm in soil approximately one month before sowing. For 
soybean all fertiliser was applied pre-sowing as urea, single superphosphate and muriate 
of potash; for wheat 50% N (as urea), P (single superphosphate) and K (muriate of potash) 
were applied pre-sowing whilst remaining 50% of N (as urea) was applied at crown root 
initiation (CRI) which was 25 days after sowing. In the year 2002-2003, the wheat crop 
was grown only with one pre-sowing irrigation due to irrigation water shortage. For the 
other years, there was one pre-sowing irrigation and three in-crop irrigations; each 
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irrigation supplied 80 mm water.  The FYM was from a local farm, and varied slightly in 
quality from year to year (Table 5.3). 
5.3.3.4. Crop management 
Soybean seeds were sown in 30-cm rows. Seedlings emerged approximately 5 
days after sowing, and the plants were thinned to a final plant population of 50 plants m-2. 
Regular plant protection measures were followed to maintain pest-free conditions. For 
wheat plant population of 120 plants m-2 and row spacing of 22.5 cm was maintained in all 
the years of experiment. Each plot was 10 m x 6 m. Grain/seed yield of crops was 
recorded from a net plot size of 1m x 1m in 3 locations of the treatment plot. Both the 
soybean and wheat crops were harvested manually by sickle at ground level and threshed 
with an electrically operated mechanized thresher. 
5.3.3.5. Soil sampling and analysis 
Soil water data were available for two years of the experiment (2002-2003 and 
2003-2004) for validation of the SoilWat module. Soil samples (depth-wise at 15 cm 
interval) werecollected at 15-day intervals during the crop growing seasons and then soil 
water content was determined gravimetrically by drying to a constant weight at 104 ºC. 
The volumetric soil water contents were calculated by multiplying gravimetric water 
content at a given depth interval with BD at the corresponding depth. 
The soil NH4- and NO3-N content, SOC and total N in straw and grain samples of 
both soybean and wheat were analysed following standard methods of analysis (Richards, 
1993). The concentration of N in straw and grain of soybean and wheat were multiplied by 
the straw and grain yields to obtain the total uptake of these nutrients. 
5.3.3.6. Simulating soybean-wheat rotation using APSIM 
The comparison of the measured and simulated grain yields of soybean and wheat, 
water content during the growing season (selected years), and SOC content of the profile 
was made for 2002-2004 period from the long-term experiment. The potential yields were 
simulated for four years under rain-fed condition for soybean and irrigated conditions for 
wheat. The model simulation was initiated on 1st May at the beginning of the experiment 
when the soil profile was considered to be at the lower limit of available water i.e. 0.24 m3 
m-3 water content. The simulation was carried out on daily time step and predicted values 
for grain yield, total crop biomass, water balance, and N uptake and these values were 
used for comparison with the observed data obtained from the experiment. 
5.3.4. Statistical evaluation of model performance 
The model evaluation was performed on the three treatments and the four years of 
data of experiment for water content of the profile, grain yield, N uptake by the soybean 
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and wheat crops, and SOC. Measured and predicted data were compared graphically and 
analysed statistically (Loague and Green, 1991). A detailed description of the statistics 
used for evaluation of the model is given in chapter 3, section 3.2.6. RMSE, R2 and EF 
were calculated for individual treatments for water content of the profile, grain yield and N 
uptake. Data were analysed using analysis of variance (ANOVA) with comparisons of 
treatments made using Student’s t-test (Gomez and Gomez, 1984). The significant 
differences among treatments were compared with the critical difference at 5% level of 
probability. 
5.4. Results 
5.4.1. Parameterisation of soybean and wheat cultivar 
For datasets used to determine the genetic coefficients for the cultivars good 
agreement was obtained between the predicted and observed values (Figs. 5.2 and 5.3). 
The error in prediction of days to flowering and date to physiological maturity for both 
crops was within 1 day. The measured grain yield of soybean at harvest was 1.8t ha-1 
compared to the simulated grain yield of 1.7 t ha-1. Similarly, the observed grain yield of 
wheat was 4.0 t ha-1 to the predicted yield of 4.2 t ha-1. The measured total biomass and 
the predicted biomass values were comparable (Table 5.4). Therefore, the APSIM 
soybean and wheat modules were able to simulate the observed days to 50% flowering, 
physiological maturity, total biomass and grain yield for these crops reasonably well for 
central Indian conditions in this parameterisation study. 
 
Table 5.4. APSIM model parameterisation for soybean cultivar, JS 335 and wheat 
cultivar, Sujata 
Parameters Soybean (JS 335) Wheat (Sujata) 
Observed Predicted Observed Predicted 
Date to 50% flowering 12/09/2005 11/09/2005 07/02/2004 06/02/2004 
LAI at 50% flowering 3.07 3.56 3.76 3.47 
Total biomass (t ha-1) 6.2 5.6 13.3 13.7 
Date to physiological 
maturity 
16/10/2005 17/10/2005 12/03/2004 13/03/2004 
Grain yield (t ha-1) 1.8 1.7 4.0 4.2 
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Fig. 5.2. Parameterisation of APSIM model for soybean cultivar (JS 335) showing 
observed and predicted data for (a) LAI, (b) total biomass production and (C) grain 
yield. Vertical bar represents standard deviation.  
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Fig. 5.3. Parameterisation of APSIM model for wheat cultivar (Sujata) showing 
observed and predicted data for (a) LAI, (b) total biomass production and (C) grain 
yield. Vertical bar represents standard deviation.  
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5.4.2. Model evaluation 
5.4.2.1. Water balance of the profile 
For simulation of soil water content of the profile under rain-fed conditions for 
soybean and irrigated conditions for wheat, the model was validated for soil water 
changes in the soil profile using the data collected from the long-term experiment. For the 
growing seasons of 2002-2003 and 2003-2004, Fig. 5.4 shows the trend in the soil water 
contents at 0-15 cm and 60-90 cm depths for the control for the observed data and 
predicted values. The correlation between the observed and predicted soil water content 
at 0-15 cm, 15-30 cm, 30-60 cm and 60-90 cm depths for the three treatments are 
presented in Figure 5.5. The soil remained wet in the top 90 cm depth in both the soybean 
growing seasons. However, for wheat there was lower water content in the profile even 
after application of a pre-sowing irrigation in 2002-2003, whereas the soil water content 
remained high in the following wheat season 2003-04 due to the four irrigations applied to 
the crop (Fig. 5.5). Compared to the year 2002-03, the soil water content remained high 
and within the plant water available capacity range at all depths in both the crop growing 
seasons of 2003-04. 
For the control, the model prediction of water content during soybean and wheat 
growth was relatively accurate with all the peaks for rainfall and irrigation quite visible (Fig. 
5.4). In the year 2002-2003, the trends in soil water content during the drying of the soil 
profile due to limited irrigation was closely predicted by the model. 
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Fig. 5.4. Observed vs predicted soil water contents in control treatment. DUL – 
drainedupper limit and LL - lower limit. Arrow represents irrigation. 
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Fig. 5.5. Observed vs. simulated soil water content in different depths (a) for control 
and (b) for inorganic and (c) for organic treatments for 2002-03 and 2003-04 growing 
seasons. 1:1 line is shown in each case. 
 
The model also showed high soil water content in profile which corresponded to the peaks 
of rainfall during the wheat growing season of 2002-03. For all the treatments, the 
goodness of fit was better for 0-15 cm soil layer than 60-90 cm depth as demonstrated by 
the statistical criteria used for the evaluation of the model simulation (Table 5.5). The 
89 
 
overall EF ranged from 0.26 to 0.58 and RMSE ranged from 0.036 cm3 cm-3 to 0.044 cm3 
cm-3. This is also further demonstrated by the relationships between observed and 
predicted data (R2 ranged from 0.71 to 0.88) of soil water content at all depths (Fig.5 5). 
 
Table 5.5.  Statistical criteria for evaluating the soil water content under different N 
management options 
Treatment Depth (cm) EF R2 RMSE (cm3 cm-3) 
Control 0-15 0.40 0.79 0.042 
 60-90 -0.03 0.80 0.046 
Inorganic 0-15 0.65 0.88 0.044 
 60-90 -0.09 0.44 0.047 
Organic 0-15 0.69 0.95 0.028 
 60-90 0.15 0.82 0.042 
 All treatments 
Control All depths 0.26 0.79 0.044 
Inorganic All depths 0.37 0.71 0.043 
Organic All depths 0.58 0.88 0.036 
 
5.2.2.2. Grain yield and N uptake of soybean and wheat  
The measured grain yield of soybean in the control was significantly lower than in the 
inorganic and organic treatments (Fig. 5.6a).  
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Fig. 5.6. Grain yield of (a) soybean and (b) wheat as predicted by the model under 
different nutrient management options. Vertical bars represent lsd (5%). The year 
2004-05 was not considered for statistical analysis in soybean season. 
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Fig. 5.7. Observed vs predicted N uptake by (a) soybean and (b) wheat under 
different nutrient management options. Vertical bar represents lsd (5%). The year 
2004-05 was not considered for statistical analysis in soybean season. 
 
The grain yields in the organic and inorganic treatments did not differ significantly for 
the years 2002-2003 and 2005-2006, however, the organic treatment had significantly higher 
grain yield for the year 2003-2004. There was a large inter-annual variation in the grain yield 
of soybean. For example, the soybean yield in the year 2004-2005 was lower in all three 
treatments than in the other years because of a severe insect pest attack. The crop was 
damaged due to attack of girdle beetle (Oberiopsis brevis) in the vegetative stage and yellow 
mosaic virus in the reproductive stage. The crop stand in the field had partially filled grains in 
the pods. There was no definitive trend in N uptake by soybean, but year to year variation in 
N uptake of soybean was observed (Fig. 5.7a). 
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The grain yield of wheat in the inorganic and organic treatment was significantly 
higher than the control for all years (Fig. 5.6b).  However, there was no significant 
difference in yield between inorganic and organic treatments in any of the years under 
investigation.  Again, there was a year to year variation in grain yield of wheat, and a 
similar trend in the N uptake by wheat under different treatments (Fig. 5.7b). 
The model over-estimated the soybean grain yield for the control in all years (Fig. 6a). For 
rest of the treatments the model over-estimated the grain yield of soybean for the year 
2002-2003, while it under-estimated the yield in rest of the years under study. Similar 
prediction was also obtained for N uptake by soybean (Fig. 5.7a). With the exception of 
the control treatments, the overall model prediction of soybean grain yield in inorganic and 
organic treatments was reasonably satisfactory (EF = 0.27). A similar level of agreement 
(EF = 0.13) between the observed and predicted N uptake by soybean was obtained. 
The predicted grain yield in the same year was similar under different nutrient 
treatments i.e. no difference in predicted soybean grain yield between two fertiliser 
treatments.However, the model simulated the inter-annual variations in grain yield of 
soybean. Poor production of grain yield in 2004-2005 soybean season was due to insect 
pest damage reducing experimental yields, which was not considered by the model. 
Predicted N uptake by soybean followed a similar trend to that of the yield (Fig. 
5.7a). The observedaverage grain yield in the control, inorganic and organic treatment 
data sets was 1.2 t ha-1 compared to the predicted average yield of 1.3 t ha-1. Similarly, the 
observed average total N uptakeby soybean in these treatment data sets was 109 kg ha-1 
compared to the predicted average of 124 kg ha-1. The observed N uptake by soybean in 
the experiment ranged from 74 kg ha-1 to as high as 154 kg ha-1 whereas the predicted 
ranged from 104 to 145 kg ha-1. The EF of the grain yield of soybean was 0.27, while the 
EF of simulation for N uptake was 0.13. 
 The model realistically predicted response of grain yield and N uptake by wheat 
crops year to year, differences presumably reflecting differences in irrigation applied in 
different years under investigation (Fig. 5.6b and 5.7b). The effect of different nutrient 
treatments on grain yield of wheat was also well predicted by the model. The observed 
average grain yield at harvest of the control, inorganic and organic treatment data sets 
was 2.2 t ha-1 compared to the simulated average of 2.1 t ha-1. The EF value of 0.91 
between observed and predicted grain yield of wheat indicated a close agreement 
between them for these diverse treatments (Fig. 5.8b). The observed N uptake by wheat 
in the experiment ranged from 17 kg ha-1 to as high as 119 kg ha-1 whereas the predicted 
ranged from 17 to 116 kg ha-1. 
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The observed average total N uptake for wheat of the control, inorganic and 
organic treatment data sets was 66 kg ha-1, compared tothe predicted average of 63 kg 
ha-1. The RMSE value of 13 and EF value of 0.86 suggested a close agreementbetween 
the estimated and observed data for these treatments (Fig. 5.9b). This showed the model 
prediction of grain yield and N uptake in wheat was better than that for soybean. 
5.2.3. Soil organic carbon content of the profile 
The SOC content of 0-15 cm depth changed little for the control during four 
cropping seasons while it increased markedly for the organic treatment (Fig. 5.8). The 
SOC content for the organic treatment relative to control inorganic treatments increased 
from year to year.  
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 5.8. Effect of nutrient management practices on soil organic carbon content (0-
15 cm depth) after four cropping seasons as predicted by the model. Vertical lines 
represent each FYM addition to the soil in soybean and wheat growing season. 
Vertical bar represents standard deviation. S: soybean and W: wheat. 
 
The model slightly under-estimated the SOC in 0-15cm soil depth for the control 
and inorganic treatments. Overall, there was a good agreement between the observed 
and predicted SOC content of 0-15 cm soil depth for all three treatments as suggested by 
the EF value of 0.62 (Fig. 5.8). However, the overall RMSE value (0.11%) was higher than 
that obtained from the combined RMSE value (0.028%) for the control and inorganic 
treatments combined together (data not shown).  The model predicted SOC under the 
control and inorganic treatments better than the organic treatment (Fig. 5.8). However, the 
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overall prediction of SOC across all the three treatments was satisfactory considering the 
EF value of 0.62 and RMSE of 0.11%.  
 
5.3. Discussion 
5.3.1. Water content of the soil profile 
Plant available soil water is one of the main determinants of crop yield in semi-arid 
environments. The surface soil dried to the lower limit of water availability in the wheat 
growing season of 2002-2003 (Fig. 5.4a), and this was well predicted by the model 
simulation. The drying of the soil profile during this period was expected, as onlysingle 
application of irrigation could bemade. The drying of the profile coincided with several 
critical stages of crop growth including crown root initiation and tillering. Irrigation at early 
critical growth stages of wheat (CRI and tillering stage) is considered to be important, and 
water stress at these stages severely reduced yield (Behera and Panda, 2009). The 
rainfall received in the later part of the crop growth rewetted the soil profile (Fig. 5.4c) but 
had no effect on wheat yield. 
In this study, the model predicted pattern of water availability up to 90 cm of soil 
depth in the control, inorganic and organic treatments, agreed well with the measured soil 
water data (Figs. 5.4 and 5.5). For the inorganic and organic treatments, low water 
availability in soil profile after the wheat harvest, relative to the control, was well 
represented in the model simulation. Soil water extraction from deeper layers was higher 
in the fertilized plots than unfertilized plots. Similar results were obtained by Hati et al. 
(2001) who found that the fertilized plots contained less water at harvest than the 
unfertilized plots in Vertisols. 
Larger differences between the observed and predicted soil water content occurred 
at the lower soil depths, with RMSE varying from 0.042 to 0.047 cm3 cm-3. In this study, 
the larger deviations for thelower depths were probably attributed to the errors associated 
with field measurements due to larger soil variability at depths.This effect was cited as 
possible cause of discrepancy between the observed and predicted data by other 
researchers (Faria et al., 1994). Moreover, the time of sampling also causes variability 
between model estimates and observed field data; for example, the increase in soil 
evaporation following cracking of drying soil might have contributed to this discrepancy 
between simulated and measured data (Singh et al., 1999). The current version of the 
crop simulation models does not account for the effect of soil cracking on soil evaporation. 
Similar results were observed by Connolly et al. (2002) from simulation of soil water, who 
reported better prediction of the soil water changes by the model on bare soils than on 
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soils covered with vegetation; presumably the greater water use by vegetation resulted in 
soil cracking and hence inaccurate prediction of soil evaporation.  
5.3.2. Grain yield and N uptake 
In this experiment, the observed soybean yield in the control treatment was lower 
than that inthe both inorganic and organic treatments. It is likely that soybean responded 
to nutrient inputs. In the control treatment, there was no application of N, P and K fertiliser 
where as fertiliser as well as FYM was added in the inorganic andorganic treatments. For 
example P and micronutrients derived from manures and added fertilisers contributed to 
the increase in yield of soybean (Reddy et al., 1999; 2000). 
The discrepancy between the observed and predicted soybean grain yield in the 
control may be due to P deficiency in the controlas the model does not consider P supply. 
The model assumes that there is no growth limitation due to P availability in the control 
although it received no P fertiliser and soil available P (Olsen P) was low (4 mg P kg-1); 
most likely P was limiting soybean yield and N uptake in the control. The observed dataset 
indicated a clear effect of nutrient treatment on grain yield and N uptake by soybean, 
which was not satisfactorily simulated by the APSIM model (Fig. 5.6a and 5.7a).  
 The observed soybean yield in different seasons differed for the same nutrient 
management practices (Fig. 5.6a), showing the inter-annual variation in grain yield due to 
variability in total rainfall and rainfall distribution. The model also predicted similar pattern 
in soybean yields as observed in the years 2002-2003 and 2004-2005 and 2005-2006 
except the year 2003-2004, which was due to severe insect-pests attack and this was not 
accounted for by the model. This study showed similar variation in soybean yield as 
reported by other researchers (Lal et al, 1999). Lal et al. (1999) reported that the temporal 
variations in rainfall (associated with the observed swings in the continuity of monsoon) 
during the cropping season plays a dominant role in the inter-annual variability of rainfed 
soybean crop yields in Madhya Pradesh state, India. Apart from rainfall amount and 
distribution, other crop management factors e.g. dates of sowing (Bhatia et al., 1999) and 
solar radiation may be important in soybean yield during the experimental period (Bhatia 
et al., 2008). In the observed weather data, there was also lot of variation in the amount of 
rainfall received during these 4-year period as well as the distribution of rainfall in the crop 
growing months (June to September) (Fig. 5.1). The amount of rainfall received in the 
month of June ranged from 28 mm to 224 mm while that of September was 50 mm to 237 
mm (Fig. 5.1). 
 The average predicted N uptake (124 kg ha-1) by soybean suggested greater input 
from biologically fixed N2 than the observed value (109 kg ha-1). The supply from external 
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sources (fertiliser) was 20 kg N ha-1 and from the soil system was 45 kg N ha-1. The 
remaining N uptake by the soybean crop was through biological N2 fixation. This is in 
agreement with the research by Salvagiotti et al. (2008) who reported that on average, N2 
fixation accounted for 52% of total N uptake, but the proportion of fixed N decreased with 
increasing fertiliser-N additions. 
 The yield variation for wheat observed in different years, due to different amounts of 
irrigation water received by the crop, was also satisfactorily simulated by the model (Fig. 
5.6b). The yield in the year 2002-2003, which only received one pre-sowing irrigation of 80 
mm, was lower than the yield in 2003-2004 which received four irrigations (one pre-sowing 
+ three post sowing) (Fig. 5.6b). Wheat is quite sensitive to water stress, therefore, it 
needs frequent irrigation for good growth and yield (Alderfasi and Nielsen, 2001). There 
was a sharp decrease in soil water content (below crop lower limit) of the surface layer (0-
15 cm) during the wheat growing season of 2002–2003 (Fig. 5.4a). The magnitude of the 
adverse effect of water stress on crop growth and yield depends on the stage of crop 
development, and duration and degree of water stress (Zhang et al., 1998). For the 
majority of the wheat growing period during year 2002–2003 the crop was affected by 
water stress, which markedly decreased the grain yield relative to the other years where 
total of four irrigations (320 mm water) were given. The model predicted similar levels of 
water stress during wheat growing periods in 2002–2003. The simulation for this period 
showed that the wheat crop suffered from water stress from floral initiation to end of grain 
filling, and that this severely affected the grain yield. The model predicted a similar pattern 
of yields across treatments tothat of the observed values. The overall prediction of wheat 
grain yield for the control, inorganic and organic treatments was good (EF = 0.91). 
Nitrogen uptake of wheat crop was also affected by water stress for all the treatments 
under observation and the model predicted the effect on N uptake well (EF = 0.86). 
The model prediction of grain yield and N uptake of wheat from the organic 
treatment was quite satisfactory considering the constraint that the FYM in the model for 
the simulation was specified based on the laboratory incubation study. The difference in 
mean predicted total N uptake (average of 3-year excluding 2002-2003) by the wheat in 
treatment that received 24 t FYM relative to that in the control (no N), is assumed to the N 
supply from FYM predicted uptake was 66 kg ha-1 relative to the measured value 62 kg ha-
1. The model predicted satisfactorily the increase in wheat grain yield by 2.7 times in the 
organic treatment over control. The RMSE between the observed and predicted wheat 
yield corresponds to 11% of the observed yield which is quite satisfactory.   
5.3.3. Soil organic carbon content of the profile 
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Inorganic fertilisers affect the soil environment by increasing the above-ground and 
root biomass due to supply ofplant nutrients in sufficient quantities. This in turn increases 
the SOM content (Sarkar et al., 2003; Bostick et al, 2007). In this study, the SOC in the 
control and in the inorganic treatment did not show any changes overa period of four 
years (Fig. 5.8). The model predicted a small decrease in SOC content in the control and 
a small increase in the inorganic treatment. The increase in SOC content under inorganic 
treatments could be related to production of more above- and below-ground plant biomass 
asreported by other researchers (Manjaiah and Singh, 2001). Manna et al. (2007) 
reported a decrease in SOC content where no N fertiliser was applied in long-term 
experiments in India. 
The simulation of SOC of 0-15 cm soil depth by the model was satisfactory 
considering the pattern of SOC observed from the experimental data as well as the EF 
value (0.62)(Fig. 5.8). In the simulation, the model indicated the increase in SOC content 
at each time of FYM addition to soybean or wheat. A small increase in the later part of the 
soybean and wheat growth period is probably due to this being the period of highest 
primary biological productivity. Application of FYM enhances the SOC level (Shen et al, 
1997) and its application in the organic treatment increased the organic C content of 
surface (0-15 cm) soil relative to the control and inorganic treatment. 
The model predicted a smooth increase in SOC contenteach time FYM was added 
rather than a step increase. The model output only includes BIOM-C and HUM-C not 
FOM-C, so the smooth change reflects the conversion of FOM-C to BIOM-C and HUM-C 
(Fig. 5.8). A direct chemical measurement of SOC includes any added FYM-C and would 
show a step change. For the organic treatment, the model overestimated the SOC content 
and could be a result of inappropriately low rate of decomposition of FYM in the model 
leading to increased SOC content in the surface soil layer. This would arise if the model 
underestimates the rate of decomposition of FYM and/or the proportion of decomposing C 
that is evolved as CO2. 
 
5.4. Conclusions 
The APSIM model was parameterised and validated for soybean (cv. JS 335) and 
wheat (cv. Sujata) crops for central Indian conditions. The ability of the model to simulate 
grain yield and N uptake for the soybean crop in both inorganic and organic treatments 
was satisfactory, while that for the control (unfertilized treatment) was poor. The poor 
prediction in soybean was attributed to P deficiency in the control an effect not captured 
by the model the model. The observed variabilityof grain yield due to the variation of total 
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rainfall and rainfall distribution from year to year during soybean growing season was well 
predicted by the model. For wheat, the model predicted grain yield and N uptake well inall 
treatments. In wheat, the predicted crop yield was most strongly influenced by variation in 
the amount of irrigation and N used during its growing season.  
The model can be used in evaluation of irrigation strategy in wheat. By using the 
model, it is possible to explore for better irrigation options that would give maximum grain 
and biomass yield. In this experiment, wheat under water stress condition (2002–2003) 
showed markedly lower performance in grain yield and N uptake compared to fully 
irrigated condition. The ability of the model to predict accurately both grain yield and N 
uptake by wheat across the range of treatments, involving both inorganic and organic 
sources of nutrients, provides some confidence in applying the model for analyzing N 
management from inorganic, organic and integrated nutrient sources for the soybean 
wheat system. Prediction of SOC was acceptable in the control and inorganic treatments, 
but the model overestimated accumulation in the organic treatment. The discrepancy 
between the observed and predicted data was attributed to the low rate of decomposition 
of FYM by the model, and therefore, requires further improvement. 
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Chapter 6 
Investigating efficient nitrogen and water management of the soybean-wheat 
system of Madhya Pradesh, central India assesed using APSIM model  
 
Summary 
Using the APSIM model, a series of long-term simulations were carried out to 
investigate alternative management practices that can contribute to research to increase 
grain yields of soybean and wheat by optimizing the sowing dates, water and N supply, 
and complimenting FYM as a N source in the soybean-wheat cropping system of Madhya 
Pradesh. 
The simulation study showed that the mean soybean grain yield ranged from 1.0 to 
1.6 t ha-1 for the different dates of sowing, with the 30 June date producing the highest 
grain yield under rainfed conditions. There is potential to increase soybean grain yield by 
0.6 t ha-1 from the current yield in this region.  Under irrigated conditions, the average 
grain yield of wheat was 3.2 t ha-1 to 3.9 t ha-1, with the 15 November sowing date 
producing the highest yield. The simulated wheat yield showed that five irrigations of 60 
mm at 20 days interval from the crown root initiation stage, was the best option for wheat.  
With ample water the grain yield of wheat increased in response to additional fertiliser N 
up to 120 kg N ha-1, but there was no response to higher rates of N.  
Application of 16 t FYM ha-1 to soybean produced 50% higher wheat grain yield 
than the application of the same amount of FYM to wheat. Applying the FYM to wheat led 
to the loss of 31% of applied N through leaching and denitrification pathways, these losses 
being much greater than when the FYM was applied to soybean. The amount of N loss 
from the integrated use of 8 t FYM ha-1 to soybean and 50 kg N ha-1 to wheat was lower 
than that from the current recommended practice for the region (20 kg N ha-1 to soybean 
and 100 kg N ha-1 to wheat). The wheat grain yield obtained with only fertiliser N (20 kg N 
ha-1 to soybean + 100 kg N ha-1 to wheat) was similar to that from the application of 8 t 
FYM ha-1 to soybean + 50 kg N ha-1 to wheat or 16 t FYM ha-1 applied to soybean. 
Reducing the frequency of application of FYM at 16 t ha-1 to soybean from every year to 
every three years or five years resulted in lower grain yields of wheat. However, less 
frequent application of FYM with 50 kg N ha-1as fertiliser to wheat every year maintained 
yields close to what was achieved when FYM was applied every year. Application of FYM 
alone or in combination with inorganic fertiliser maintained higher SOC concentration 
compared to application of inorganic fertiliser alone.  
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Thus, the simulated results provided a means of evaluating alternative 
management options for effectively managing the soybean-wheat system in terms of yield 
by changing the sowing dates, managing water and N requirements, and the use of FYM 
as N source. 
 
6.1. Introduction 
Around the world, there is a general consensus by researchers and policy makers 
that the productivity of rainfed crops like soybean needs to be improved if the growing 
demands for food are to be met. Rainfed agriculture with nearly 58% of the cultivated area 
of India contributes 40% of the country’s food production and it accounts for 70% of 
oilseed and 83% of pulse production in the country (Venkateswarlu and Prasad, 2012). 
Soybean was a minor crop during the early 1970s but today it occupies third place in the 
oilseed production in India, after groundnut (Arachis hypogaea) and rapeseed (Brassica 
napus)/mustard (Brassica juncea). The area under soybean in India has increased from 
0.03 million ha in 1970 to 2.6 million ha in 1990 and to 10.7 million ha in 2012 (SOPA, 
2012). Introduction of soybean in these areas has led to a shift in the cropping system 
from rainy season fallow followed by post rainy season wheat or chickpea (fallow-
wheat/chickpea), to soybean followed by wheat or chickpea (soybean/wheat/chickpea). 
Soybean/wheat as a legume-cereal cropping system has proven to be the most 
productive and profitable system of central India (Mandal et al., 2002). This has resulted in 
an increase in the cropping intensity and resultant increase in the profitability per unit land 
area. Besides improving the socioeconomic conditions of small and marginal farmers of 
this region, soybean meets 14% of the total edible oil requirement of the country and 
earns substantial foreign exchange through the export of de-oiled cake. The average 
productivity of soybean has remained more or less stable at about 1 t ha-1 (SOPA, 2012).  
This is partly due to uncontrollable climatic factors like erratic rainfall distribution and 
prolonged dry spells at critical growth stages of the soybean crop which  adversely affect 
development and growth, and hence the crop yield (Lal et al., 1999).  But controllable 
factors are also implicated including poor crop nutrition owing to imbalanced application of 
major and minor plant nutrients in the continuous cropping system (Joshi and Bhatia, 2003; 
Bhatnagar and Joshi, 2004). 
Wheat is grown on about 19-20 million hectares in India and nearly 54% of this 
area is irrigated (about 27% of the irrigated area of the country).  The state of Madhya 
Pradesh occupies 15% of total wheat production area but produces only 10% of the total 
yield (Anonymous, 2004-05). Of the many bio-physical factors influencing production, 
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fluctuations in temperature, lack of access to assured irrigation, timely availability of inputs 
(especially seeds and fertilisers) are the main causes of low yield in the state (Kumar, 
2008). It is estimated that abiotic problems (poor soil fertility, water stress, and delayed 
sowing) cause about 37% of the existing yield gap (Kumar, 2008). The socioeconomic 
factors (poor knowledge of production technology, inadequate capital and non-availability 
of inputs in time) cause another 37%, and the remaining 26% of yield gap arises due to 
biotic factors like lack of location-specific varieties, weeds (canary grass, Phalaris minor 
and wild oats, Avena fatua) and diseases like rusts and loose smut (Kumar, 2008). Proper 
management of inputs, particularly N and irrigation water, is essential for maximizing 
production and for providing high returns to farmers.  
Cropping in Madhya Pradesh experiences an overall annual nutrient deficit (the 
difference between the nutrients removed in crops and inputs) of about 0.27 Mt of N, 0.05 
Mt P and 0.86 Mt K (Sammi Reddy et al., 2005). In addition to increasing the supply of 
inorganic fertilisers, the deficit must also be met by efficient use of indigenous organic 
sources such as FYM. Sammi Reddy et al. (2005) have suggested that a strategy of 
improving traditional soil enrichment practices, based on FYM management, combined 
with inorganic fertiliser is economically feasible for many farmers of the state and provides 
the best prospects for food security in this region. 
Recommendations by Sammi Reddy et al (2005) address both research activities to 
broaden our understanding of the biophysical aspects of the system under study, and 
research that uses our current understanding to predict likely outcomes for alternative N 
management strategies that may be imposed on the cropping systems to improve the 
productivity.  
Simulation models have been used in many cases to assist scientists and 
researchers in achieving improved soil and crop management practices. Several crop 
simulation studies have shown that potential yield and yield gap analysis can help in 
identifying the potential yield limiting factors and in developing suitable management 
strategies to improve the productivity of a crop or cropping system (Aggarwal and Kalra, 
1994; Lansigan et al., 1996; Evenson et al., 1997; Naabet al., 2004). The potential yield 
and yield gap analysis requires a thorough understanding of crop growth and development, 
which in turn depends on weather, soils, water, and crop management factors. So it is 
important to consider all aspects of crop growth and soil management factors while using 
simulation models. Thus, simulation models can complement conventional field 
experimentation in finding alternative nutrient management options for crops and cropping 
systems (Carberry et al., 2002). McCown et al. (1992) reported that the use of the 
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simulation models helped in assessing nutrient use in a way that would not have been 
possible using conventional methods alone.  There is, therefore, an urgent need to make 
the use of models in research more relevant to problems faced by farmers or policy 
makers in the real world, and to find effective means of disseminating the results from 
work to the potential beneficiaries, such as farmers in a developing country like India. 
To achieve this, our work must shift towards a more problem-solving approach. 
This means researchers must think of the problems faced by ordinary farmers, and 
construct and apply the models to contribute to N and water management in a more 
effective way.  So, the objectives of the research reported in this chapter are: to 
investigate alternative management practices that can contribute to research to increase 
grain yield of soybean and wheat by changing the sowing dates, managing N and water 
requirements, and effectively using FYM as N source in combination with mineral N 
fertiliser in the soybean-wheat cropping system of Madhya Pradesh. This was done by 
carrying out a series of simulations using a well parameterised and validated APSIM 
model. 
 
6.2. Methodology 
The APSIM model has been used to simulate vegetative and reproductive 
development, growth, and yield as function of crop characteristics of mungbean 
(Robertson et al., 2000), climatic factors, soil characteristics, water stress and crop 
management scenarios (Nelson et al., 1998; Harrison et al., 2014). It is able to simulate 
the effect of application of crop residues, green manures and FYM on N availability to 
crops (Probert et al., 2004; Probert et al., 2005; Chapters 3 and 4). The ability of APSIM to 
simulate realistically the observed yields of soybean, wheat, rice and many other crops 
has been established by various authors (Singh et al. 1999; Asseng et al., 2000; Keating 
et al., 2002; Wang et al., 2002; Chikowo et al., 2008; Gaydon et al., 2012; Adam et al., 
2013; Archontouliset al., 2014; Chapter 5, section 5.4.2). This study used the APSIM-
Soybean and -Wheat modulesto simulate the growth and development of a soybean and 
wheat crop on a daily time-step. The APSIM model has been parameterised and validated 
for the soybean (cv. JS 335) and wheat (cv. Sujata) crops for central Indian conditions 
(Chapter 5). The ability of the model to simulate grain yield and N uptake for soybean and 
wheat crops from the field experiment in both inorganic and organic treatments was 
satisfactory. The detailed description of the soybean and wheat module along with 
parameterisation and validation has been provided in Chapter 5.  
103 
 
The model needs inputs of daily weather data, soil, and the cultivar-specific 
parameters to simulate the plant growth.  The weather data used for the study was for 
Bhopal, collected from an automatic weather station at the experimental farm of the Indian 
Institute of Soil Science, Bhopal. Daily rainfall, maximum and minimum temperature and 
sunshine hours were available for the years 1991-2007.  However solar radiation, which is 
a necessary input for the model, was only available for the years 2001-2007.  Solar 
radiation can be estimated from sunshine hours following the procedure of 
Bandyopadhyay et al. (2008). The records for 2001-2007 were used to test reliability of 
the conversion. A comparison of the actual and estimated mean monthly solar radiation 
shows close agreement (Figure 6.1). There was a good correlation between observed and 
estimated solar radiation (R2 = 0.97** and RMSE = 0.82 MJ m-2 day-1).The agreement was 
close.  Thus, solar radiation could be estimated for the years 1991-2000 and the 16 year 
period 1991-2007 used in the simulations. 
 
 
Fig. 6.1. Comparison of measured mean monthly solar radiation for Bhopal, India 
for 2001 to 2007 and an estimate of solar radiation based on hours of sunshine  
 
The climate at Bhopal is summarized in Figure 6.2.  The area receives 1100 mm 
average annual rainfall and a major part of the rain (88%) is received during June to 
September (Fig. 6.2). December is the coldest month while May is the hottest month in the 
region. 
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Fig. 6.2. Mean monthly rainfall, minimum and maximum temperature and solar 
radiation (1991-2007) at Bhopal, central India 
 
The soil parameters required to specify the model for simulation of soybean and 
wheat growth are the soil water holding characteristics (drained upper limit (DUL) of soil 
water content (cm3 cm-3), lower limit (LL) of soil water content (cm3 cm-3), saturated (SAT) 
water content (cm3 cm-3)), other parameters related to the water balance (for example 
stage 1 soil evaporation coefficient (U = 6 mm), runoff curve number (CN2 = 73), whole 
profile drainage rate coefficients (SWCON = 0.3)),and organic matter and N parameters 
(Table 6.1).  The soil at the site is a Vertisol with extractable water capacity of 150 mm up 
to 120 cm depth. The assumed rooting depth for soybean was 90 cm while that of wheat 
was 120 cm. The rooting depth (Kl) and rooting factor (Xf) used for this study were taken 
as per the study reported in the chapter 5, section 5.3.2.1 on soybean and wheat crops. 
 
Table 6.1. Soil parameterisation of Vertisol at Bhopal to specify APSIM simulations 
Soil 
layer 
(cm) 
LL 
(m3 
m-3) 
DUL 
(m3 
m-3) 
SAT 
(m3 
m-3) 
BD 
(Mg 
m-3) 
OC 
(%) 
pH NO3-N 
 (mg 
kg-1) 
NH4-N 
 (mg 
kg-1) 
FBIOM FINERT 
0-15 0.24 0.39 0.51 1.28 0.49 7.8 15 1.6 0.04 0.4 
15-30 0.27 0.38 0.49 1.34 0.47 8.0 12 1.9 0.02 0.6 
30-60 0.27 0.39 0.47 1.35 0.46 7.9 8.0 1.5 0.02 0.8 
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60-90 0.28 0.40 0.45 1.40 0.43 7.9 4.5 1.5 0.02 1.0 
90-
120 
0.28 0.41 0.45 1.45 0.41 8.0 3.5 0.5 0.01 1.0 
LL= lower limit (water content at -1500kPa pressure potential), DUL= drained upper 
limit, SAT = saturated volumetric water content, BD = bulk density, OC = organic 
carbon, FBIOM =microbial biomass fraction and FINERT =inert C fraction 
 
A series of simulations were carried out for a period of 16 years (1991-2007) to 
investigate alternative management practices that can contribute to increased grain yield 
of soybean and wheat. The management practices are sowing dates, N and water 
management and application of FYM as N source. The model simulation was initialized on 
1st May 1991 when the soil profile was assumed to be at the lower limit of available water 
and nitrate- and ammonium-N concentrations were as shown in Table 6.1. 
The simulations were performed for a widely cultivated soybean cultivar (JS 335) 
and wheat (Sujata) cultivars. The crop cultivar parameters used for simulation study were 
those reported in chapter 5, section 5.3.2.1 (calibration and validation purposes). The 
soybean cultivar matures in about 95 to110 days and wheat cultivar in 120 to140 days. A 
soybean plant population of 50 plants m-2 at 30-cm row spacing was used throughout the 
simulation study. A plant population of 120 plants m-2 with a row-spacing of 22.5 cm for 
wheat was used. Soybean was grown under rainfed conditions, while the wheat crop was 
irrigated.  
It was assumed that both the soybean and wheat crops were harvested manually 
by sickle at ground level and threshed with an electrically operated mechanized thresher. 
The approximate residue content on the soil surface after harvest of wheat was kept to a 
value of 0.5 t ha-1. The C/N ratio of wheat residue considered for simulation was 80. 
Usually, little residue of soybean remain on the soil surface following harvest of the crop. 
Fertiliser to supply 20 kg ha-1 N (as urea) to soybean was applied at the time of 
sowing while  fertiliser to supply 50 kg ha-1 N to wheat was applied at the time of sowing, 
with another 50 kg ha-1 N applied at crown root initiation stage (CRI)(25 days after sowing). 
This application was considered the “general purpose” nutrient management in the 
simulation. It was not changed in the simulation unless otherwise indicated. One pre-
sowing irrigation of 80 mm was applied to the wheat crop 48 hrs before sowing by flooding, 
the remaining irrigations were applied as per the water management strategies followed in 
the simulation study.  
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Specification of the FYM was according to the procedure followed in the section 
4.1.4. It contained 1% N with a C/N ratio of 26; the organic carbon was distributed 
between the three FPOOLs in the proportions 0.09-0.73-0.18 with C/N ratios of 50, 43.8 
and 12.1.  
The model output for each year was grain yield of soybean and wheat, N losses 
(leaching and denitrification) and SOC.  From these outputs, means, standard 
deviationsand the minimum and maximum values were also determined. 
Details of how the model was set up to investigate the different issues were as 
follows: 
 
6.2.1. Effect of sowing dates on potential grain yield of soybean and wheat 
Six dates of sowing for soybean (10, 20 and 30 June and 10, 20 and 30 July) and 
five for wheat (1, 15, 30 November and 10 and 20 December) were considered in the 
simulation study. The wheat crop was supplied with one presowing irrigation and 5 post 
sowing irrigations of 60 mm each. Other cultivation management practices were followed 
as described in the previous section. 
6.2.2. Nitrogen and water management in wheat 
The amount of N applied to soybean was fixed at 20 kg ha-1 while five N application 
rates were investigated for wheat: (1) N0 - No N (0 kg ha-1), (2) N1 - 50 kg N ha-1 (3) N2 - 
100 kg N ha-1, (4) N3 - 120 kg N ha-1 and (5) N4 - 150 kg N ha-1. Nitrogen was applied as a 
split application, 50% at time of sowing and 50% CRI stage. One presowing irrigation of 
80 mm and five post sowing irrigations of 60 mm each at 20 days intervals from CRI stage 
were applied to wheat.  
To investigate the irrigation management of wheat, the N fertiliser application rate 
was fixed at 100 kg N ha-1 (i.e. treatment N2 above). The wheat crop was sown with one 
pre-sowing irrigation of 80 mm, thereafter followed the post sowing irrigations viz., 30 mm 
irrigation water at 10 days interval from the CRI stage (I1); 60 mm irrigation water at 10 
days interval from the CRI stage (I2); 60 mm irrigation water at 20 days interval from the 
CRI stage (I3); and 60 mm irrigation water at 25 days interval from the CRI stage (I4). The 
details of the treatments are given in Table 6.2. The sowing dates were set to 20 June for 
soybean and to 15 November for wheat for these simulation runs (as the best dates 
obtained from the previous section, i.e. section 6.2.1). Water use efficiciency (WUE) was 
calculated by the formula: Yield (kg ha-1) / water used (mm). 
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Table 6.2.  Treatments used to investigate effect of modifying irrigation regime used 
for wheat production 
Treatment 
I1 I2 I3 I4 
Number of irrigation/interval between irrigation/volume applied 
1/10/30 1/10/60 1/20/60 1/25/60 
2/10/30 2/10/60 2/20/60 2/25/60 
3/10/30 3/10/60 3/20/60 3/25/60 
4/10/30 4/10/40 4/20/60 4/25/60 
5/10/30 5/10/50 5/20/60 5/25/60 
* One pre-sowing irrigation of 80 mm was given in all treatments 
Irrigation 1 was given at CRI stage in I1, I2, I3 and I4 treatments. 
I1 = 30 mm irrigation water at 10 days interval from the CRI stage 
I2 = 60 mm irrigation water at 10 days interval from the CRI stage 
I3 = 60 mm irrigation water at 20 days interval from the CRI stage 
I4 = 60 mm irrigation water at 25 days interval from the CRI stage 
 
6.2.3. Use of FYM for efficient N management in the soybean-wheat cropping system 
FYM was applied and incorporated each year on 15 June which is 5 days before 
the sowing of soybean. This represents the local practice of moving manure to the 
cropping lands prior to cultivation and before the commencement of the monsoon. The 
FYM was also applied and incorporated 5 days prior to wheat sowing in case of treatment 
F2.  The complete sets of treatments are detailed in Table 6.3. 
One presowing irrigation of 80 mm and five post sowing irrigations of 60 mm each 
at 20 days interval from CRI stage were applied to wheat. 
 
Table 6.3. Treatments showing inorganic, organic and integrated sources of N for 
soybean-wheat cropping system 
Treatments Symbol Soybean Wheat 
Inorganic (N applied 
kg ha-1 as urea-N)  
F0 0 0 
F1 20 100 
Organic (FYM applied, 
t h -1)  
F2 0 16 
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F3 16 0 
Integrated (both 
inorganic and organic) 
F4 8 t ha-1 FYM 50 kg N ha-1 
F5* 20 kg N ha-1 + 5 t FYM 
ha-1 
100 kg N ha-1 
* Recommended rate of fertiliser for the state of Madhya Pradesh 
 
6.2.4. Frequency of FYM application and nitrogen management in wheat 
Apart from enhancing yield, application of FYM also provides an option for better 
management of cropping system in term of maintaining or building SOC. The treatments 
considered for the simulations are described in the Table 6.4. 
One presowing irrigation of 80 mm and five post sowing irrigations of 60 mm each 
at 20 days interval from CRI stage were applied to wheat. 
 
Table 6.4. Effect of frequency of farmyard manure application on soybean and 
wheat yield in the soybean-wheat system 
Treatment Frequency of 
application 
Soybean Wheat 
FYM Every year (A1) 16 t ha-1 0 
Once in three years (A3) 16 t ha-1 0 
Once in five years (A5) 16 t ha-1 0 
 A3 + 50 kg N ha-1 yr-1 16 t ha-1 50* 
 A5 + 50 kg N ha-1 yr-1 16 t ha-1 50* 
* N was applied to wheat crop every year 
 
6.3. Results 
6.3.1. Dates of sowing 
As a rainfed crop, the sowing of soybean in India depends on the onset of the rainy 
(monsoon) season. The seasonal arrival of the monsoon in the target region is from 10 
June to 25 June. Depending on the weather conditions over 16 years in Bhopal, 
considerable variation in soybean yield was observed (Table 6.5). The maximum 
simulated soybean yield of 2.2 t ha-1 was recorded in 30 June sowing date while the 
minimum yield of 0.3 t ha-1 was recorded in 30 July. When averaged over the simulation 
period, the mean grain yield ranged from 1.0 - 1.6 t ha-1 for the different dates of sowing, 
with the 30 June date yielding the highest. There was a sharp decrease in average yield if 
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sowing was later than 10 July. The yield gap in various dates for the location ranged from 
0 to 0.6 t ha-1. The yield gap was minimal for 30 July sowing date and it was maximum in 
30 June sowing date.  
 
Table 6.5. Simulated yield and yield gap related to actual yield of soybean under 
different dates of sowing 
Sowing 
dates 
Simulated yield (t ha-1) SD Yield gap 
(t ha-1)* Maximum Minimum Mean 
10 June 2.0 1.0 1.4 0.3 0.4 
20 June 1.9 1.1 1.5 0.3 0.5 
30 June 2.2 1.0 1.6 0.4 0.6 
10 July 1.8 0.9 1.4 0.2 0.4 
20 July 2.0 0.5 1.3 0.5 0.3 
30 July 1.5 0.3 1.0 0.4 0.0 
* Average soybean yield of MP is 1 t ha-1 (Bhatia et al., 2006) 
 
There was a wide variability in minimum and maximum yield recorded over the simulation 
period for the location (Table 6.6). The maximum simulated wheat yield of 4.7 t ha-1 was 
obtained from the 1 November and 15 November sowing dates (Table 6.6). The minimum 
yield of 2.7 t ha-1 was recorded when the sowing was done on 1 November and 20 
December. The average simulated yield was 3.8 t ha-1 for 1 November and 3.9 t ha-1 for 
15 November sowing dates, with both dates yielding maximum yields of 4.7 t ha-1. There 
was little difference in average simulated wheat yield sown between 1 November and 30 
November but wheat yields were lower after the 30 November sowing date. The yield gap 
for the location ranged from 1.5 t ha-1 to 2.2 t ha-1. The yield gap was minimum for 20 
December sowing date, while it was maximum for 15 November. 
 
 
Table 6.6. Simulated yield and yield gap related to actual yield of wheat under 
different dates of sowing 
Sowing 
dates 
Simulated yield (t ha-1) SD Yield gap 
(t ha-1)* Maximum Minimum Mean 
1 Nov 4.7 2.7 3.8 0.7 2.1 
15 Nov 4.7 3.3 3.9 0.4 2.2 
30 Nov 4.4 3.2 3.8 0.3 2.1 
10 Dec 3.8 2.8 3.5 0.3 1.8 
20 Dec 3.5 2.7 3.2 0.3 1.5 
* Average wheat yield of MP is 1.7 t ha-1 (Anonymous, 2011-12) 
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6.3.2. Nitrogen and water requirements of wheat 
With sufficient irrigation (5 irrigations of 60 mm each at 20 days interval after CRI 
stage), application of 20 kg N ha-1 to soybean + 100 kg N ha-1  (N2) to wheat  constantly 
produced higher predicted yield over the 16 year period than 20 kg N ha-1 to soybean and 
50 kg N ha-1 to wheat (N1) (Fig. 6.3). As expected, the no N treatment (N0) produced the 
lowest grain yield; on average, 1.5 t ha-1 grain yield of wheat was obtained in this 
treatment. The grain yield of wheat decreased with time in all the treatments but for N0 the 
decrease was more prominent. The simulated mean yield obtained from the application of 
treatment N2 to wheat was 3.9 t ha-1 compared to 3.1 t ha-1 in treatment N1. Increase in N 
application to wheat from 100 kg ha-1 (N2) to 120 (N3) and 150 kg ha-1 (N4) did not increase 
the yield significantly. The average yield obtained from the remaining treatments were 3.9 
t ha-1 for treatment N2, 4.0 t ha-1 for treatment N3 and 4.0 t ha-1 for treatment N4. 
 
 
Fig. 6.3. Simulated wheat yield as influenced by N application rates 
 
Increasing the number of irrigations from 1 to 5, wheat yield increased with 
irrigation level from I1 to I4 irrespective of the amount of water applied (Table 6.7). For I4, 
increasing the irrigation number from 4 to 5 did not increase the wheat yield. The yield 
obtained from 4 irrigations of I1 was higher compared to 2 irrigations of I2 although same 
amount of irrigation water was applied in both the cases. The yields under both I3 and I4 
increased with increase in additional irrigation, but there is no difference in the increase 
between the treatments. However, in I4 the yield did not increase with 5th irrigation. The 
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mean wheat yield increased from 2.3 to 3.0 t ha-1 as the irrigation level increased from I1 
to I3. Thereafter, the mean yield decreased. 
The WUE was the highest when irrigation water was applied at the lowest level in I1, 
I2, I3 and I4 (Table 6.7). Increasing the number of irrigations from 1 to 5 decreased the 
WUE in wheat. The mean WUE was the lowest in I2 (10.5 kg ha-1 mm-1) and the highest in 
I1 (13.5 kg ha-1 mm-1). When same amount of water was applied to wheat through I1 and I2 
(4xI1 and 2xI2), the WUE was greater in I1 (13 kg ha-1 mm-1) than I2 (10.5 kg ha-1mm-1). 
Between I3 and I4, WUE remained same upto 3rd irrigation application and thereafter it 
decreased and the decrease was more in I4 compared to I3. 
Although the I1 treatment was the most efficient in utilization of water, the highest 
wheat mean yield of 3.0 t ha-1 was obtained in I3. The I3 treatment also showed the 
maximum yield of 3.9 t ha-1 when 5 irrigations were applied. In I4 the 5th irrigation had no 
effect on grain yield as the crop had reached maturity stage. The simulated wheat yield 
trend showed that five 60 mm irrigations at 20 days interval from the CRI stage were 
better options for maximizing grain yield. 
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Table 6.7. Simulated grain yield of wheat (t ha-1) and water use efficiency (WUE, kg ha-1 mm-1) as influenced by amount and 
number of irrigations (N applied to wheat, 100 kg ha-1)  
Treatment I1 I2 I3 I4 
No. of Irrigations Yield WUE* Yield WUE Yield WUE Yield WUE 
1 1.7 15.4 1.8 12.8 1.8 12.8 1.8 12.8 
2 1.9 13.5 2.1 10.5 2.4 12.0 2.4 12.0 
3 2.2 12.9 2.5 9.6 3.1 11.9 3.1 11.9 
4 2.6 13.0 3.3 10.3 3.7 11.5 3.6 11.2 
5 2.9 12.6 3.5 9.2 3.9 10.2 3.6 9.4 
Mean 2.3 13.5 2.6 10.5 3.0 11.7 2.9 11.5 
* WUE = Grain yield/amount of irrigation water applied  
I1 = 30 mm irrigation water at 10 days interval from the CRI stage 
I2 = 60 mm irrigation water at 10 days interval from the CRI stage 
I3 = 60 mm irrigation water at 20 days interval from the CRI stage 
I4 = 60 mm irrigation water at 25 days interval from the CRI stage
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6.3.3. Use of FYM for efficient N management in soybean-wheat cropping system 
The average grain yield of soybean was 1.5 t ha-1 and showed no response to 
either N fertiliser or FYM (Table 6.8).  
The simulated wheat grain yield was very low when N was not applied (F0). 
Application of 16 t FYM ha-1 to soybean (F3) produced a wheat yield of 3.6 t ha-1 which 
was 50% higher than the yield when the same amount of FYM was applied to the wheat 
crop itself (Table 6.8). The wheat yield obtained with only fertiliser N (100 kg N ha-1) (F1) 
was similar to that from the application of 8 t FYM ha-1 to soybean + 50 kg N ha-1 to wheat 
(F4) and 20 kg N ha-1 + 5 t FYM ha-1 to soybean + 100 kg N ha-1 to wheat (F5). The lowest 
wheat yield was obtained from the treatment F0. The simulated wheat yield from 16 t FYM 
applied to soybean (F3) was lower than that obtained from F1 and F4and F5.  There was 
little difference in wheat yield among treatments F1, F4 and F5.  
 
Table 6.8. Average yield of soybean and wheat as influenced by different N 
management strategies 
Treatment Simulated yield (t ha-1) 
Soybean Wheat 
F0 (0 kg N ha-1 to soybean + 0 kg N ha-1 to 
wheat) 
1.5 1.5 
F1 (20 kg N ha-1 to soybean + 100 kg N ha-1 
to wheat) 
1.5 3.9 
F2 (0 kg N ha-1 to soybean + 16 t FYM ha-1 
to wheat) 
1.5 2.4 
F3 (16 t FYM ha-1 to soybean + 0 kg N ha-1 
to wheat; F4) 
1.5 3.6 
F4 (8 t FYM ha-1 to soybean + 50 kg N ha-1 
to wheat) 
1.5 3.9 
F5 (20 kg N ha-1 + 5 t FYM ha-1 to soybean 
+ 100 kg N ha-1 to wheat) 
1.5 4.0 
 
The simulated N balance over 16 years showed that the application of 16 t FYM ha-
1 to wheat (F2) led to the loss of 31% of applied N through leaching and denitrification 
pathways (Table 6.9). In contrast, application of the same amount of FYM to soybean (F3) 
resulted in lower N losses (13%) and hence higher availability of N to the following wheat 
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crop. Integrated use of 8 t FYM ha-1 and 50 kg N ha-1 (F4), application of 100 kg N ha-1 as 
urea-N (F1), or an application of 16 t FYM ha-1 (F3) all accounted lower loss of N than 0 kg 
N ha-1 to soybean + 16 t FYM ha-1 to wheat (F2) (Table 6.9). The amount of N loss from 
the integrated use of  8 t FYM ha-1 to soybean and 50 kg N ha-1 to wheat (F4) was lower 
than that obtained from inorganic application of 20 kg N ha-1 to soybean and 100 kg N ha-1 
to wheat (F1). The integrated application of FYM and fertiliser N produced the lowest N 
losses from the system amongst all the nutrient management systems studied here. 
 
Table 6.9. Nitrogen balance for the soybean-wheat system as influenced by fertiliser 
regime, simulated over a period of 16 years  
Treatment F1 (20 kg N 
ha-1 to 
soybean + 100 
kg N ha-1 to 
wheat) 
F2 (0 kg N 
ha-1 to 
soybean + 
16 t FYM 
ha-1 to 
wheat) 
F3 (16 t 
FYM ha-1 
to soybean 
+ 0 kg N 
ha-1 to 
wheat) 
F4 (8 t FYM 
ha-1 to 
soybean + 
50 kg N ha-1 
to wheat) 
Leaching loss (kg ha-1) 316 550 245 209 
Denitrification loss (kg ha-1) 72 240 80 60 
Total loss (kg ha-1) 388 790 325 269 
N loss (kg ha-1 year-1) 24 49 20 17 
Total N applied (kg ha-1) 1920 2560 2560 2240 
% loss of applied N 20 31 13 12 
 
To understand why the N losses were lower when FYM is applied to the soybean 
rather than to wheat, it is helpful to consider the NO3-N content of the soil profile.   When 
FYM is applied to soybean the initial immobilisation of N lowers the amount of NO3-N in 
soil (Figure 6.4) thereby protecting it from leaching and denitrification during the rainy 
season.  Subsequent mineralisation led to increasing NO3-N in soil with the concentrations 
being higher than when FYM was applied to wheat. The yields of wheat reflect the greater 
availability of NO3 to the crop.  
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Fig. 6.4. Nitrate-N content in the profile (0-60 cm) as influenced by FYM application 
to soybean and wheat (16 t FYM ha-1 in each case). 
 
The N losses via leaching and denitrification during four selected years (1991-96) 
were partitioned between the soybean growing seasons and the wheat season (Table 
6.10). Clearly the losses are much higher during the soybean season which is during the 
monsoon. The combination of higher temperature and higher water content of the profile 
lead to more N losses during this season. The amounts of N lost will depend on the NO3 
present at this time; as shown in Fig 6.4, NO3 concentrations are highest during the 
monsoon when FYM is applied to the wheat crop.  
 
Table 6.10. Total nitrogen loss between 1991 to 1996 as simulated by the model 
Treatment Soybean Wheat Total (kg ha-1) 
Leaching loss (kg ha-1) 
F2 162 27 189 
F3 72 8 80 
De-nitrification (kg ha-1) 
F2 68 2 70 
F3 16 5 21 
F2: 0 kg N ha-1 to soybean + 16 t FYM ha-1 to wheat; F3: 16 t FYM ha-1 to soybean + 0 kg N 
ha-1 to wheat 
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6.3.4. Frequency of FYM application and nitrogen management in wheat 
In the above section (6.3.3.), it was shown that application of FYM is most 
beneficial to wheat when applied at the time of sowing the soybean crop. The benefit of 
this application timing was reduced N losses and increased wheat grain yield. Here we 
explored the consequences of applying FYM less frequently. Application of FYM at 16 t 
ha-1 to soybean every year (A1) produced a higher wheat yield than a same amount 
applied every three years (A3) or five years (A5) (Table 6.11). The minimum wheat yield 
obtained from the simulation study across all the treatments was 1.5 t ha-1. A maximum of 
4.4 t ha-1 was recorded in A3 + 50 kg N ha-1 treatment (Table 6.11). The minimum yield 
obtained was from the 1st year of simulation in A1, A3 and A5 treatments involving 
application of FYM alone. The yield gap between these treatments could be reduced by 
application of 50 kg N ha-1 to wheat every year in these treatments. There was also an 
improvement in the average simulated wheat yield from 2.5 t ha-1 to 3.7 t ha-1 in A3 and 
from 2.1 t ha-1 to 3.4 t ha-1 in treatment A5 when 50 kg N ha-1 was applied to the system. 
The wheat yield was similar in the treatment A1 and A3 + 50 kg N ha-1 every year (Table 
6.11). 
 
Table 6.11. Simulated wheat grain yield as influenced by frequency of FYM 
application 
 
 
 
 
 
 
 
 
 
 
 
SD = standard deviation  
* applied to wheat 
 
 Without any inputs of N to the system, there was a slow decrease in SOC 
concentration in the 0-15 cm soil layer (Fig. 6.5). However, SOC concentration increased 
Treatment Grain yield (t ha-1) 
Minimum Maximum Average SD 
A1 (16 t FYM ha-1 + 0 kg N ha-1 every 
year) 
1.5 4.3 3.6 0.8 
A3 (16 t FYM + 0 kg N  ha-1 every three 
years) 
1.5 3.5 2.5 0.6 
A5 (16 t FYMha-1 + 0 kg N ha-1 every 
fiveyears) 
1.5 3.3 2.1 0.6 
A3 + 50 kg N ha-1 every year* 2.9 4.4 3.7 0.4 
A5 + 50 kg N ha-1 every year* 2.9 4.0 3.4 0.4 
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over time when applications of N fertiliser or FYM were made. The SOC concentration 
was the highest when 16 t FYM ha-1 was applied to soybean every year, followed by 8 t 
FYM ha-1 to soybean + 50 kg N ha-1 to wheat, 20 kg N ha-1+ 5 t FYM ha-1 to soybean + 100 
kg N ha-1(that is, it reflected the amount of FYM applied). However, there was also a small 
effect from the application of fertiliser without any FYM (20 kg N ha-1 to soybean + 100 kg 
N ha-1 to wheat treatment). 
 
Fig. 6.5. Long-term simulated SOC concentration at 0-15 cm soil depth as 
influenced by source of N application. 
 
6.4. Discussion 
6.4.1. Dates of sowing 
The optimum date of sowing results in effective use of rainfall received during the 
crop growing season to avoid water stress and loss in crop yield. An understanding of 
water supply limitation to yield is important in understanding yield gaps between the 
simulated yield and the yield obtained from the farmers’ management practices. In this 
study, yield gap was estimated from the difference between simulated yield and average 
farmers’ current crop yields of the state of Madhya Pradesh. Yield gap has been widely 
used in the literature for the last few decades (van Ittersum and Rabbinge, 1997). Here we 
have quantified water-limited potential yield of soybean and potential yield of wheat to 
estimate yield gap. The potential yield of soybean is termed here as “water-limited yield”. It 
is because most of the rain-fed crops suffer water deficits at some point of time during the 
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growing season. This will help in recommending better management options to improve 
the productivity of soybean and wheat in the region. 
The simulation results indicated that there is considerable scope for improving 
soybean grain yields provided crops are sown at the optimum time (Table 6.5). The range 
of maximum and minimum soybean grain yields obtained from the simulations revealed an 
inter-annual variation in grain yield, reflecting the inconsistent nature of the arrival date of 
the Indian monsoon over the simulation period of 16 years. The effect of weather 
conditions on grain yield of soybean has been reported by Bhatia et al. (2008). With 
sowing date delayed beyond 10 July, the soybean yield decreased considerably (Table 
6.5).  
In general, the growth of the soybean from germination to maturity is dependent on 
the availability of water (i.e. precipitation under rainfed conditions). So, decrease in 
soybean yield beyond 30 June sowing date was due to water stress during critical growth 
stages like flowering, pod setting and grain filling etc (Kumar et al., 2002). In the rainfed 
growing environment of Madhya Pradesh, the water requirement is about 65 to 80 cm for 
normal growth and development of the soybean (Mavi, 1986). In India, it is the variation in 
the onset of the monsoon, its amount and duration that are largely responsible for the 
relative performance of the soybean crop. In the study area, the monsoon rain starts 
receding after the last week of August, coinciding with the reproductive stage of the 
soybean crops. So, sowing of crops after 10 July is of no yield advantage as observed in 
the simulation study. As the soybean crop grows from flowering to seed enlargement, its 
ability to compensate for stressful conditions decreases. Thus, the potential degree of 
yield reduction due to water stress increases (Karam et al., 2005). Flowering time is 
important because, environmental conditions during the reproductive phase have a major 
impact on final yield (Kobraee et al., 2010) and water stress at flowering and/or pod 
development increased flower and pod abortion (Osborne et al., 2002). The simulation of 
water limiting yield of soybean clearly indicated that there is high yield potential of the crop, 
which is not presently realised by the farmers.  
In the simulation, sowing of the wheat crop in the first fortnight of November 
resulted in greater wheat yield than sowing after the 15 November. However, the wheat 
yield remained greater than 3.8 t ha-1 in the November sowing and decreased thereafter 
(Table 6.6). A typical response of wheat to date of sowing in India shows an optimum yield 
toward the end of November followed by a linear decrease in yield of 1-1.5% per day after 
that date (Ortiz-Monasterio et al., 1994; Randhawa et al., 1981). Although the slope of the 
line varies by cultivar and year, all cultivars show a decrease regardless of whether they 
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are short- or medium-duration ones. Late sowing not only reduces yield but also reduces 
the efficiency of the inputs applied to the wheat crop. As Murungu and Madanzi (2010) 
concluded, the yield potential of irrigated wheat cultivars is highly dependent on 
temperature as affected by late sowing. So, there is potential to improve the wheat yield in 
the region by 2.2 t ha-1 through optimum sowing time. 
6.4.2. Nitrogen and water interaction in wheat 
Crop simulation models are helpful in deciding the best management options for 
optimizing crop growth and yield. If pests and diseases are controlled, and other nutrient 
options are non-limiting, yield of any crop in a given environment mainly depends upon 
water and fertiliser N management. Both N and water are subject to loss by many 
pathways if not managed properly. Therefore, there is considerable interest in 
technologies that enhance N use efficiency and productive use of applied irrigation water 
leading to increased productivity. The second issue addressed here is the water 
requirement in wheat and the best use of available irrigation water. 
In the simulation analysis, increase in rate of N application to wheat from 50kg N 
ha-1 to 100 kg N ha-1increased grain yield (Fig. 6.3); a result commonly demonstrated in 
field experiments (Garabet et al., 1998; Li et al., 2004). The inter-annual variation of wheat 
yield was larger in the treatment 100 kg N ha-1 compared to 50 kg N ha-1 (Fig. 6.3). The 
larger variation in 100 kg N ha-1 in some years was due to the variation in the weather 
during the wheat growing season. The variation in yield observed in 50 kg N ha-1 
application was small. Application of N beyond 100 kg ha-1 with 5 irrigations of 60 mm 
after CRI may not be a viable option as the wheat crop did not respond to the extra N 
applied to it (Fig. 6.3). There was decreasing trend in simulated wheat yield in the control 
treatment over the 16-year period attributed to a decreasing supply of N from the 
mineralisation soil organic matter and indicated by the in SOC content in control treatment 
(Fig. 6.5). In other treatments the declining trend yield may be due to climatic (Mall et al., 
2006) and soil fertility factors (Manna et al., 2005). 
Wheat is quite sensitive to water stress, and needs frequent irrigation for optimum 
growth and yield (Mishra et al., 1995; Alderfasi and Nielsen, 2001). In situations where 
water supplies are limited, demand for irrigation cannot be met fully. In these conditions, 
deliberate under-irrigation, also known as deficit irrigation can play a role (Iqbal et al., 
1999; English and Nakamura, 1989). By deficit irrigation, crops are deliberately under 
irrigated during plant growth stages that are relatively insensitive to water stress (Musick, 
1994; Zhang et al., 1999).  In the simulation when the wheat crop was irrigated with 30 
mm water at 10 day intervals from CRI stage (I1), the grain yield increased with increase in 
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number of irrigations (Table 6.7). According to the model, under deficit irrigation, 
application of 120 mm of water in four splits was a better option than applying the same 
amount in two splits as observed in I1 and I2 treatments.  
Under water deficit situations, water use efficiency is an important indicator of crop 
productivity (Tanner and Sinclair, 1983). The WUE was the highest in all treatments 
receiving the lowest number of applications of irrigation water. With increasing the number 
of irrigations, the WUE decreased in all treatments. Under water limited conditions, it is 
better to make a larger number of applications of small amounts of water, compared to 
applying the same amount in a small number of irrigations. When the water availability is 
ample, a good yield of wheat can be obtained by applying 60 mm of water at 20 days 
interval in 5 splits. This is the recommended regime of application of irrigation water for the 
region.  
Rising costs of irrigation pumping, low commodity prices, inadequate irrigation 
system capacities, and limited irrigation water supplies are some reasons that prompt 
many farmers to deliberately apply less water than is required to obtain maximum yield 
(Craciun and Craciun, 1999). However, in situations like central India, where the farmers 
depend on groundwater for irrigation, the availability of water decreases as the crop 
growing season advances. So, applying an increased number of irrigations of a small 
amount of water, that is, with a similar water supply, seems to be the best option. 
Great opportunities exist for improving the water use efficiency in agriculture 
through rationing water allocation to ensure meeting the evapo-transpiration needs of the 
plants at the critical stages. This means establishing greater control over timing and the 
quantum of water delivery, and also providing the appropriate  quantum of fertiliser and 
nutrients inputs to the crops to realize the yield potential (Kumar, 2008). In the simulation 
study, wheat yield under I1 and I2 was lower compared to I3 and I4 irrespective of the 
number of irrigations given (Table 6.7). This was due to reduction in crop growing period 
and unavailability of water to crops, thus creating water deficit during a critical growth 
stage. 
6.4.3. Use of FYM and mineral fertiliser for efficient N management in soybean-wheat 
cropping system 
This issue addressed the efficacy of use of FYM as a source of N in both the crops. 
The treatments evaluated the effects of timing of FYM applied to the systems, the relative 
value of organic and inorganic fertiliser (urea-N), and an integrated approach (FYM + 
inorganic) on the yield (Table 6.3). The loss of N to the environment from the use of 
different treatments was also evaluated. 
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From the simulation, the model predicted the same grain yield of soybean in all the 
treatments (Table 6.8). The model showed no soybean response to N fertilization because 
it assumes that the crop is capable of fixing N to meet its need. In general, for each gram 
of N2 fixed by Rhizobium, the plant fixes 1-20 grams carbon (C) through photosynthesis 
(Dashora, 2011). This is an indication that symbiotic N2 fixation requires additional energy 
which, in nitrate-fed plants, can be used to produce more photosynthates (products of 
photosynthesis). The model studied here does not consider the energy cost to crops of 
fixing N. Had the model captured this effect, the yield might have been lower when no N 
was applied and the soil N supply would have inadequate for plant needs. 
The FYM is an important source of N in rural Madhya Pradesh. Farmers use FYM 
along with inorganic N to meet the crop need of soybean and wheat in the soybean-wheat 
cropping system. In this study, application of 16 t FYM ha-1 applied to soybean maintained 
a yield level of wheat at par with yield obtained from the combined application of 8 t ha-1 
FYM to soybean + 50 kg N ha-1 to wheat (F4)  and 20 kg N ha-1 to soybean + 100 kg ha-1 N 
to wheat (F1) (Table 6.8). To maintain a yield of 1.5 t ha-1 of soybean and 3.6 t ha-1 of 
wheat in long-run, any of these treatments could be adopted. 
The simulation also revealed that the wheat crop benefited more when the FYM 
was applied to soybean than to the wheat crop itself (Table. 6.8).The higher yield obtained 
in wheat with FYM applied to soybean (F3 and F4) was due to better N supply which arises 
because of the pattern of immobilisation/mineralisation, as well as the reduced N losses 
through leaching and denitrification (Table 6.9). In simulations, application of FYM to 
wheat (F2) resulted in loss of more N though leaching and denitrification during the 
soybean growing season than the loss which occurred during wheat growing season 
(Table 6.10). It was also due to immobilization of N for a long period in wheat growing 
season before it gets remineralised in soybean season after availing to good amount of 
water and optimum temperature in rainy season. The N losses via leaching and 
denitrification occur when the soil is wet and there is NO3 present.  Wet conditions 
occurred more frequently during the rainy season when soybean is growing.  The pattern 
of N immobilisation/mineralisation following the application of FYM results in higher NO3 
concentrations in soil during the soybean season when the FYM is applied to wheat 
(Figure 6.4) and this was the cause of the larger losses of N when FYM was applied to 
wheat rather than soybean. 
Integrating FYM with inorganic N fertiliser resulted in smaller N loss in the system 
(Table 6.9). Therefore, increased attention is now being paid to the development of 
integrated nutrient management (INM) practices that maintain or enhance soil productivity 
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through the balanced use of mineral fertilisers and organic manures. The INM focuses: (i) 
on the annual cropping system, rather than on individual crops; (ii) on the management of 
plant nutrients in the whole farming system; and (iii) on the concept of village community 
areas rather than individual fields (Food and Agricultural Organization of the United 
Nations, 2000). The positive effect of integrated use of FYM and inorganic fertilisers on 
productivity of soybean-wheat system has been reported by many workers in India (Singh 
et al. 1999; Bandyopadhyaya et al., 2003; Hati et al., 2006). 
6.4.4. Frequency of FYM application and nitrogen management in wheat 
FYM is a scarce resource and insufficient amount is available to apply 16 t ha-1 
every year.  Simulations were carried out to investigate the effect of frequency of FYM 
application in the soybean-wheat system in maintaining grain yield of wheat. The SOC 
content from the application of organic, inorganic and integrated applications was also 
considered here. 
Availability of FYM depends on the cattle population maintained by individual 
farmers. Reducing the frequency of FYM application to once every three years or once 
every five years explores how inadequate supplies of FYM might best be used.  The 
wheat yield decreased as the frequency of application decreased from every year to every 
three years and five years (Table 6.11). The reason was the resultant inadequate supply 
of N to the wheat crop. Application of 16 t ha-1 FYM to soybean resulted in greater 
availability of N in wheat than in soybean (Fig. 6.4). So, the amount of N available from the 
every three years and five years application of FYM was not sufficient to maintain wheat 
yield level at par with the FYM applied every year to the soybean crop. When these 
treatments were supplied with an additional mineral fertiliser application of 50 kg N ha-1 to 
wheat every year, the yield level was maintained close to that of 16 t FYM ha-1 applied to 
soybean every year. 
The quality of FYM studied here was low, containing only 0.5 to 1% N (Sammi 
Reddy et al., 2005). Either the quality of FYM may be improved to supply required N to the 
system or the rate of FYM application may increase to compensate the N requirement of 
the crop. While the former is about the quality of the feed for the animals that are the 
source of the FYM and how the FYM is managed (storage etc), the later is the amount of 
FYM available to farmers to apply in the field. From the simulation, it was observed that 
the wheat yield was improved by applying FYM along with inorganic N (Table 6.8 and 
6.11). Thus, application of even 50 kg N ha-1 resulted in compensating the yield gap in 
treatments  A3 + 50 kg N ha-1 every year and A5 + 50 kg N ha-1 every year (Table 6.11). In 
central India, 100 kg N ha-1 to wheat is a common recommended practice for the region. 
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In the first year of the simulation study, application of FYM at 16 t ha-1 to soybean 
had a detrimental effect on wheat (Table 6.11). This result is attributed to the low available 
N for the crop. Application of high rates of FYM has been reported to depress the yield of 
succeeding crops for a few years (Ramesh et al., 2009). 
The simulated SOC concentration in 0-15 cm profile was higher in inorganic, FYM 
and integrated treatments than in the no N treatment (Fig. 6.5). This increase in SOC in 
fertiliser-N treatments compared with the no N treatment is due to higher crop biomass 
and root growth accumulated over the years. The increase in SOC in FYM related 
treatments was due to addition of extra organic C through FYM. According to simulation, 
in long-term, the FYM treated soil maintains higher SOC than the non FYM treated soil. 
Application of FYM enhances the SOC level in soil (Shen et al., 1997) and its application 
in a maize cropping system has been shown to increase the SOC concentration, with the 
increase more pronounced in the surface layers (Rasool et al., 2008). 
6.5. Conclusion 
The long-term simulation of grain yield of soybean and wheat revealed that there is 
potential to improve the grain yield of both crops, provided suitable soil and crop 
management practices are followed. The study focused on only one district of Madhya 
Pradesh state using the weather records for Bhopal. However, if the weather data are 
available for other districts of Madhya Pradesh or other growing areas where the soybean-
wheat cropping systems is followed, then it would be possible to carry out a similar study 
to determine the potential yield and optimum management practices for both the crops in 
those districts.  
According to the model, under deficit irrigation, application of 120 mm of water in 
four splits was a better option than applying the same amount in two splits as observed in 
I1 and I2 treatments. When the water availability is ample, a good yield of wheat can be 
obtained by applying 60 mm of water at 20 days interval in 5 splits after CRI stage. Thus, 
from the simulation study it was observed that the model gives an option for better 
management of irrigation water based on the availability to farmers. 
 The simulation study revealed that application of 16 t FYM ha-1 to soybean, or the 
application of 20 kg ha-1 of N to soybean and 100 kg ha-1 N to wheat, or combined 
application of 8 t ha-1 FYM to soybean + 50 kg N ha-1 to wheat can maintain the soybean 
and wheat yield in the long-term and are viable options of N management in the soybean-
wheat system.  
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Availability of FYM is always an issue with farmers who do not have enough cattle 
to produce large amounts of FYM for the crops. However, yield could be maintained by 
the application of 50 kg N ha-1 to wheat every year. In the long-run, FYM treated soil 
maintains higher SOC than the non-FYM treated soil, and thus, will help in maintaining soil 
quality.  
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Chapter 7 
 
7.1. General Conclusions 
Efficient utilization of organic amendmentsfor N management in any cropping system is 
important from many perspectives, ranging from better crop growth and yield, to 
prevention of nitrate pollution of ground water, and N economy in the cropping system.  A 
capability to simulate N mineralisation from organic amendments provides a means for 
exploring the N release characterstics and balance in the soil system that can lead to 
better management of N in a cropping system. 
In this study, N mineralisation from high C/N ratio rice and wheat crop residues was 
simulated using the APSIM SoilN module. The simulation study presented here 
emphasizes the extent of N being immobilised from the addition of different rates of 
residues. The dataset from a laboratory incubation study and from studies reported in the 
literature covering different types of soils were used for the simulation study. The model 
prediction of N from these materials was satisfactory.  
The N mineralisation from Gliricidia, a green manure crop, was more accurately 
predicted than mineralisation from a complex organic material like FYM which consists of 
heterogenous mixture including crop residues, cow dung, and vegetable refuses from the 
household. To predict N mineralised from FYM, the FYM was specified in terms of 
composition of three functional pools and their C/N ratio using APSIM SoilN module. For 
FYM, the goodness of fit was substantially better for modified model than for the 
unmodified one. Using analytical data to specify the proportion of C in each of the 
FPOOLs, and the C/N ratio of the FPOOL1, it was possible to choose values for the C/N 
ratios of FPOOL2 and FPOOL3 to obtain a satisfactory fit with the observed data. 
Unfortunately the appropriate modification to the FPOOLs could not be determined on the 
basis of chemical analysis alone, and an iterative approach was needed to optimize the 
C/N ratios of FPOOL2 and FPOOL3. As the characteristics of FYM differ widely, the 
values determined for the FPOOLs in this study will not be applicable to all the other FYM 
materials.  
 In developing countries like India, simulating N mineralised from FYM is important 
for many cultivation practices where FYM is applied alone (e.g. organic farming, where 
high rates of FYM are applied to meet the N demand of the crop) or together with 
inorganic fertilisers to meet the N requirement in the system (known as integrated nutrient 
management). Simulation modelling of N mineralised from organic materials will help in 
efficient N management practices in cropping systems, but to achieve this, the ability to 
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parametize the model on the basis of readily measured characteristics of the organic 
amendments will be needed.  
The soybean-wheat system is the dominant cropping system of central India. To 
predict the yield potential of soybean (cv JS 335) and wheat (cv Sujata), the APSIM crop 
module for soybean and wheat was parametrized for these two cultivars and was 
validated for central Indian condition using the crop data from a long-term fertiliser 
experiment. The model prediction of grain yield and N uptake for soybean under inorganic 
and organic treatments was satisfactory while for control (unfertilised treatment), it was 
poor. The predicted variability of grain yield due to the variation of weather during soybean 
growing season was well predicted by the model. For wheat the model predicted grain 
yield and N uptake well in all treatments. Prediction of SOC was acceptable in control and 
inorganic, but overestimated accumulation in organic treatment. The discrepancy between 
the observed and predicted data was attributed to the effects of other factors such as 
nutrients other than N (P and micro-nutrients), and to diseases and pests which were not 
considered by the model. In wheat, the predicted crop yield was most strongly influenced 
by variation of the amount of irrigation and N used during its growing season. Prediction of 
SOC was acceptable in the control and inorganic treatments, but the model overestimated 
accumulation in the organic treatment. The discrepancy between the observed and 
predicted data was attributed to the low rate of decomposition of FYM by the model, and 
therefore, requires further improvement. 
The ability of the model to predict accurately both total grain yield and N uptake for 
wheat across ranges of treatments involving both inorganic and organic sources of 
nutrients provides some confidence in applying the model for analyzing N management 
from inorganic, organic and integrated nutrient sources for the soybean-wheat system. So, 
a long-term simulation study was undertaken to find out alternate management options for 
sowing dates, water management and N, and FYM use in soybean-wheat cropping 
system. By using the model, it was possible to explore better irrigation and N management 
options that would improve the productivity of the system. The study showed various 
options of water management in deficit and sufficient water available conditions. 
Furthermore, the model was also used to evaluate the time and frequency of FYM 
application.Application of FYM to soybean not only produced higher wheat yield over the 
application of same amount of FYM to wheat, but also reduced the loss of applied N 
through leaching and denitrification pathways.These results showed that the APSIM 
model is capable of simulating N management from both organic and inorganic sources in 
soybean-wheat cropping system provided proper parametrisation of organic manures for 
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the SoilN module is done. The discrepancy between the observed and predicted data 
involving organic treatments suggest a further improvement in the model for its 
satisfactory use in decision making process.
i 
 
List of References 
Abrol, I.P., Katyal, J.C., Virmani, S.M., 1994. Rainwater management for sustainable 
agricultural production in the tropics. In: Transactions 15thWorld Soil Sci. Congress, 
vol. 7a, Acapulco Mexico, pp. 59-71. 
Adam, M., Wery, J., Leffelaar, P.A., Ewert, F., Corbeels, M., Van Keulen, H., 2013.  A 
systematic approach for re-assembly of crop models: An example to simulate pea 
growth from wheat growth. Ecol. Modell. 250, 258-268. 
Addiscott, T.M., 1983. Kinetics and temperature relationships of mineralisation and 
nitrification in Rothamsted soils with differing histories. J. Soil Sci. 34, 343-353. 
Aggarwal, P.K., Kalra, N., 1994. Simulating the effect of climatic factors, genotype, water 
and nitrogen availability on productivity of wheat: II. Climatically potential yields and 
optimal management strategies. Field Crops Res. 38, 93-103. 
Ågren, G.I., Bosatta, E., 1987. Theoretical analysis of the long-term dynamics of carbon 
and nitrogen in soils. Ecology 68, 1181-1189. 
Ågren, G.I., Bosatta, E., Magill, A.H., 2001. Combining theory and experiment to 
understand effects of inorganic nitrogen on litter decomposition. Oecologia 128, 94-
98. 
Alagarswamy, G., Virmani, S.M., 1996. Risk analysis of rainfed sorghum production at 
various levels of nitrogen fertiliser rate with CERES Sorghum crop simulation model. 
In: Ito, O., Johansen, C., Adu-Gyamfi, J.J., Katayama, K., Kumar Rao, J.V.D.K., 
Rego, T.J. (Eds.), Roots and Nitrogen in Cropping Systems of the Semi-arid 
Tropics. JapanInternationalResearchCenter for Agricultural Sciences, Tsukuba, 
Japan, pp. 603-614. 
Alderfasi, A.A., Nielsen, D.C., 2001. Use of crop water stress index for monitoring water 
status and scheduling irrigation in wheat. Agric. Water Manage. 47, 69-75. 
Alexander, M. 1977. Introduction to soil microbiology.2nd edition. John Wiley and Sons, 
New York. 
Allison, F.E., Klein, C.J., 1962. Rates of immobilisation and release of nitrogen following 
addition of carbon materials and nitrogen to soils. Soil Sci. 93, 383-387. 
Ambus, P., Kure, L.K., Jensen, E.S., 2002. Gross N transformation after application of 
household compost and domestic sewage sludge on agricultural soils. Agronomie 22, 
723-730. 
Andersen, M.K., Jensen, L.S., 2001. Low soil temperature effects on short-term gross N 
mineralisation–immobilisation turnover after incorporation for green manure. Soil Biol. 
Biochem. 33, 511-521. 
ii 
 
Andrén, O., Kätterer, T., 1997. The introductory carbon balance model for exploration of 
soil carbon balances. J. Applied Ecol. 7, 1226-1236. 
Anonymous, 2004-05. Annual Report. Indian Institute of Soil Science, Bhopal, India.41p. 
Anonymous, 2011-12. Directorate of Economics and Statistics, Department of Agriculture 
and Cooperation, Ministry of agriculture, Government of India, New Delhi, India. 
Archontoulis, S.V., Miguez, F.E., Moore, K.J., 2014. Evaluating APSIM Maize, Soil Water, 
Soil Nitrogen, Manure, and Soil Temperature Modules in the Midwestern United 
States. Agron. J. 106, 025-1040. 
Ashman, M.R., Hallett, P.D., Brookes, P.C., Allen, J., 2009. Evaluating soil stabilisation by 
biological processes using step-wise aggregate fractionation. Soil Till. Res. 102, 209-
225. 
Asseng, S., Foster, I., Turner, N.C., 2011. The impact of temperature variability on wheat 
yields. Global Change Biol. 17, 997-1012. 
Asseng, S., van Keulen, H., Stol, W., 2000. Performance and application of the APSIM N 
wheat model in the Netherlands. Eur. J. Agron. 12, 37-54.  
Aulakh, M.S., Khera, T.S., Doran, J.W., 2000. Mineralisation and denitrification in upland, 
nearly saturated and flooded subtropical soil II. Effect of organic manures varying in 
N content and C/N ratio. Biol. Fertil. Soils, 31, 168-174. 
Aulakh, M.S., Khera, T.S., Doran, J.W., Kuldip-Singh, Bijay-Singh, 2000a.Yields and 
nitrogen dynamics in a rice-wheat system using green manure and inorganic 
fertiliser.Soil Sci. Soc. Am. J. 64, 1867-1876. 
Azam, F., Lodhi, A, Ashraf, M., 1991.Availability of soil and fertiliser N to wetland rice 
following wheat straw amendment. Biol. Fertil. Soils 11, 97-100. 
Azeed, J.O., Van Averbeke, W., 2010. Nitrogen mineralization potential of threeanimal 
manures applied on a sandy clay loam soil. Bioresour. Technol. 101,5645–5651. 
Baldock, J.A., Skjemstad, J.O., 2000. Role of the soil matrix and mineral in protecting 
natural organic materials against biological attack. Org. Geochem. 31, 697-710. 
Baldock, J.A., Smernik, R.J., 2002. Chemical composition and bioavailability of thermally 
altered Pinus resinosa (Red pine) wood. Org. Geochem. 33, 1093-1109. 
Bandyopadhyay, A., Bhadra, A., Raghuwanshi, N.S., Singh, R., 2008. Estimation of 
monthly solar radiation from measured air temperature extremes. Agril.Forest 
Meteor. 148, 1707-1718. 
Bandyopadhyay, K.K., Misra, A.K., Ghosh, P.K., Hati, K.M., Mandal, K.G., 2003. Effect of 
integrated use of farmyard manure and inorganic fertilisers on soil water dynamics, 
iii 
 
root growth, crop yield and water expense efficiency of rainfed soybean in a Vertisol. 
J. Agric. Phys. 3, 95-100. 
Barak, P., Molina, J.A.E., Hadas, A., Clapp, C.E., 1990. Mineralisation of amino acids and 
evidence of direct assimilation of organic nitrogen. Soil Sci. Soc. Am. J. 54, 769-774. 
Barraclough, D., 1997. The direct or MIT route for nitrogen immobilisation: a 15N mirror 
image study with leucine and glycine. Soil Biol. Biochem. 29, 101-108. 
Bartholomew, W.V., 1965. Mineralisation and immobilisation of nitrogen in the 
decomposition of plant and animal residues. In: Bartholomew, W.V., Clark, F.E., 
(Eds.), Soil nitrogen. Am. Soc. Agron., Madison, Wise, Agron. 10, 285-306. 
Beare, M.H., Cabrera, M.L., Hendrix, P.F., Coleman, D.C., 1994. Aggregate-protected and 
unprotected organic matter pools in conventional- and no-tillage soils. Soil Sci. Soc. 
Am. J. 58, 787-795. 
Beauchamp, E.G., Reynolds, W.D., Brasche-Villeneuve, D., Kirby, K., 1986. Nitrogen 
mineralisation kinetics with different soil pretreatments and cropping histories.Soil Sci. 
Soc. Am. J. 50, 1478-1483. 
Beek, J., Frissel, M.J., 1973. Simulation of nitrogen behaviour in soils. Centre for 
Agricultural Publishing and Documentation. Wageningen, The Netherlands, 67p. 
Behera, S.K., Panda, R.K., 2009. Effect of fertilization and irrigation schedule on water 
and fertiliser solute transport for wheat crop in a sub-humid sub-tropical region. 
Agric. Ecosyst. Environ. 130, 141-155 
Benbi, D.K., Richter, J., 2002. A critical review of some approaches to modeling nitrogen 
mineralisation. Biol. Fertil. Soils 35, 168-183. 
Berg, B., 1986. Nutrient release from litter and humus in coniferous forest soils-A mini 
review. Scand. J. For. Res. 1, 359-369. 
Berg, B., Matzner, E., 1997. Effect of N deposition on decomposition of plant litter and soil 
organic matter in forest systems. Environ. Rev. 5, 1-25. 
Berg, B., Staff, H., 1981. Leaching, accumulation and release of nitrogen in decomposing 
forest litter. In: Clark, F.E., Rosswall, T., (Eds.), Terrestrial nitrogen cycles. Ecological 
Bulletin 33 (Stockholm), pp. 163-178. 
Berghuij’s van Dijk, J.T., Rijtema, P.E., Roest, C.W.J., 1985. ANIMO Agricultural nitrogen 
model.NOTA 1671. Institute for Land and Water Management Research, 
Wageningen, The Netherlands. 
Bergstrom, L., Johnsson, H., 1988. Simulated nitrogen dynamics and leaching in a 
perennial grass ley. Plant Soil, 105, 273-281. 
iv 
 
Bernal, M.P., Paredes, C., Sànchez-Monedero, M.A., Cegarra, J., 1998. Maturity and 
stability parameters of composts prepared with a wide range of organic wastes. 
Bioresour. Technol. 63, 91-99. 
Bernal, M.P., Sánchez-Monedero, M.A., Paredes, C., Roig, A., 1998a. Carbon 
mineralisation from organic wastes at different composting stages during their 
incubation with soil. Agric. Ecosys. Environ. 69, 175-189. 
Bhandari, A.L., Ladha, J.K., Pathak, H., Padre, A.T., Dawe, D., Gupta, R.K., 2002. Yield 
and soil nutrient changes in a long-term rice-wheat rotation in India. Soil Sci. Soc. Am. 
J. 66, 162-170. 
Bhatia, V.S., Singh, P., Wani, S.P., Chauhan, G.S., Kesava Rao, A.V.R., Mishra, A.K., 
Srinivas, K., 2008. Analysis of potential yields and yield gaps of rainfed soybean in 
India using CROPGRO-Soybean model.Agril.Forest Metero. 148, 1252-1265. 
Bhatia, V.S., Singh, P., Wani, S.P., Kesava Rao, A.V.R., Srinivas K. 2006. Yield Gap 
Analysis of Soybean, Groundnut, Pigeonpea and Chickpea in India Using 
Simulation Modeling. Global Theme on Agroecosystems Report no. 31. Patancheru 
502 324, Andhra Pradesh, India: International Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT).156 pp. 
Bhatia, V.S. Tiwari S.P., Joshi, O.P., 1999. Yield and its attributes as affected by planting 
dates in soybean (Glycine max) varieties. Indian J. Agric. Sci. 69,696-699. 
Bhatnagar, P.S., Joshi, O.P., 2004. Current status of soybean production and utilization in 
India. In: Proceedings of VII World Soybean Research Conference, IV International 
Soybean Processing and Utilization Conference, III Congresso Mundial de Soja 
(Brazilian Soybean Congress), Embrapa Soybean, Londina, Brazil, pp. 26-37. 
Bhattacharyya, R., Kundu, S., Prakash, V., Gupta, H.S., 2008. Sustainability under 
combined application of mineral and organic fertilisers in a rainfed soybean-wheat 
system of the Indian Himalayas. Eur. J. Agron. 28, 33-46. 
Blackmer, A. M., Green, C.J., 1995.  Nitrogen turnover by sequential immobilisation and 
mineralisation during residue decomposition in soils. Soil Sci. Soc. Am. J. 59, 1052-
1058. 
Bonde, T.A., Rosswall, T., 1987. Seasonal variation of potentially mineralisable nitrogen in 
four cropping systems. Soil Sci. Soc. Am. J. 15, 1508-1514. 
Bonde, T.A., Schnürer, J., Rosswall, T., 1988. Microbial biomass as a fraction of 
potentially mineralisable nitrogen in soils from long-term field experiments. Soil Biol. 
Biochem. 20, 447-452. 
v 
 
Bosatta, E., Ågren, G.I., 1985. Theoretical analysis of decomposition of heterogeneous 
substrates. Soil Biol. Biochem. 17, 601-610. 
Bostick, W.M.N., Bado, V.B., Bationo, A., Solar, C.T., Hoogenboom, G., Jones, J.W., 2007. 
Soil carbon dynamics and crop residue yields of cropping systems in the Northern 
Guinea Savanna of Burkina Faso.Soil Till. Res. 93, 138-151. 
Bradbury, N.J., Whitmore, A.P., Hart, P.B.S., Jenkinson, D.S., 1993. Modelling the fate of 
nitrogen in crop and soil in the years following application of 15N-labelled fertiliser to 
winter wheat. J. Agric. Sci. Camb. 121, 363-379. 
Brady, N.C., Weil, R.R., 2002. The nature and properties of Soil, 13th Edition. Prentice Hall, 
New Jersey, USA, 546p. 
Breland, T.A., 1994. Measured and predicted mineralisation of clover green manures at 
low temperature at different depths in two soils. Plant Soil, 166, 13-20. 
Bremner, J.M., 1965. Inorganic forms of nitrogen. Agron.9, 1179-237. 
Bremner, J.M., Mulvaney, C.S. 1982. Nitrogen - total. In: Page, A.L., Miller, R.H., Keeney, 
D.R. (Eds.), Methods of Soil Analysis. American Society of Agronomy Inc. - American 
Society of Soil Science Inc., Madison, Wisconsin, USA, pp. 595-622. 
Bruun, S., Christensen, B.T., Hansen, E.M., Magrid, J., Jensen, L.S., 2003. Calibration 
and validation of the soil organic matter dynamics of the Daisy model with data from 
the Askov long-term experiments. Soil Biol. Biochem. 35, 67-76. 
Bruun, S., Luxhoi, J., Magid, J., de Neergaard, A., Jensen, L.S., 2006. A nitrogen 
mineralisation model based on relationships for gross mineralisation and 
immobilisation. Soil Biol. Biochem. 38, 2712-2721. 
Buyanovsky, G.A., Aslam, M., Wagner, G.H., 1994. Carbon turnover in soil physical 
fractions. Soil Sci. Soc. Am. J. 58, 1167-1173. 
Cabrera, M. L. Kissel, D. E., Vigil, M. F., 2005. Nitrogen mineralisation from organic 
residues: research opportunities. J. Environ. Qual. 34, 75-79. 
Cabrera, M.L., Kissel, D.E., 1988a. Potentially mineralizable nitrogen in disturbed and 
undisturbed soil samples. Soil Sci. Soc. Am. J. 52, 1010-1015. 
Cabrera, M.L., Kissel, D.E., 1988b. Length of incubation time affects the parameter values 
of the double exponential model of nitrogen mineralisation. Soil Sci. Soc. Am. J. 52, 
1186-1187. 
Cadisch, G., Giller, K.E. (Eds.), 1997. Driven by nature: Plant residue quality and 
decomposition. CAB International, Wallingford, UK, 409p. 
vi 
 
Calderon, F.J., Jackson, L.E., Scow, K.M., Rolston, D.E., 2001. Short-term dynamics of 
nitrogen, microbial activity, and phospholipid fatty acids after tillage. Soil Sci. Soc. 
Am. J. 65, 118-126. 
Cambardella, C.A., Elliot, E.T., 1992. Particulate soil organic matter changes across a 
grassland cultivation sequence. Soil Sci. Soc. Am. J. 56, 777-783. 
Cameron, R.S., Posner, A.M., 1979. Mineralisable organic nitrogen in soil fractionated 
according to particle size. J. Soil Sci. 30, 565-577. 
Campbell, C.A, Myers, R.J.K., Weier, K.L., 1981. Potentially mineralizable nitrogen, 
decomposition rates and their relationship to temperature for five Queensland soils. 
Aust. J. Soil Res. 19, 323-332. 
Campbell, C.A., Biederbeck, V.O., 1972. Influence of fluctuating temperatures and 
constant soil moistures on nitrogen changes in amended and unamended loam. 
Canadian J. Soil Sci. 52, 323-336. 
Campbell, C.A., Jame, Y.W., Winkleman, G.E., 1981. Mineralisation rate constants and 
their use for estimating nitrogen mineralisation in some Canadian prairie soil. 
Canadian J. Soil Sci. 64, 333-343. 
Campbell, C.A., Lafond, G.P., Leyshon, A.J., Zentner, R.P., Janzen, H.H., 1991. Effect of 
cropping practices on the initial potential rate of N mineralisation in a thin black 
Chernozem. Can. J. Soil Sci. 71, 43-53. 
Carberry, P.S., Probert, M.E., Dimes, J.P., Keating, B.A., McCowan, R.L., 2002. Role of 
modeling in improving nutrient efficiency in cropping systems. Plant Soil, 245, 193-
203.  
Carter, M.R., Macleod, J.A., 1987. Biological properties of some Prince Edward Island 
soils: relationship between microbial biomass nitrogen and mineralizable nitrogen. 
Can. J. Soil Sci. 67, 333-340. 
Castellanos, J.Z., Pratt, P.F., 1981. Mineralisation of manure nitrogen-correlation with 
laboratory indexes. Soil Sci. Soc. Am. J. 45, 354-357. 
Causarano, H.J., Franzluebbers, A.J., Reeves, D.W., Shaw, J.N., 2006. Soil organic 
carbon sequestration in cotton production systems of the southeastern United States: 
a review. J. Environ. Qual. 35, 1374-1383. 
Chadwick, D.R., John, F., Pain, B.F., Chambers, B.J., Williams, J., 2000. Plant uptake of 
N from the organic nitrogen fraction of animal manures: a laboratory experiments. J. 
Agric. Sci. 134, 159-168. 
Chan, K.Y., Heenan, D.P., Oates, A., 2002. Soil carbon fractions and relationship to soil 
quality under different tillage and stubble management.Soil Till. Res. 63, 133-139. 
vii 
 
Chaves, B., De Neve S., Hofman, G., Boeckx, P., Van Cleemput, O., 2004. Nitrogen 
mineralisation of vegetable root residues and green manures as related to their 
(bio)chemical composition. Eur. J. Agron. 21, 161-170. 
Chefetz, B., Hatcher, P.G., Hadar, Y., Chen, Y., 1998. Characterization of dissolved 
organic matter extracted from composted municipal solid waste. Soil Sci. Soc. Am. J.  
62, 326-332. 
Chen, H., Hou, R., Gong, Y., Li, H., Fan, M., Kuzyakov, Y., 2009. Effects of 11 years of 
conservation tillage on soil organic matter fractionsin wheat monoculture in Loess 
Plateau of China. Soil Till. Res. 106, 85-94. 
Chen, C., Wang, E., Qiang, Y., 2010. Modelling the effect of climate variability and water 
management on crop water productivity and water balance in North China Plain. 
Agric. Water Manage. 97, 1175-1184. 
Chesire, M.V., Bedrock, C.N., Williams, B.L., Chapman, S.J., Solntseva, I., Thomsen, I., 
1999. The immobilisation of nitrogen by straw decomposition in soil. Eur. J. Soil Sci. 
50, 329-341. 
Chikowo R., Corbeels, M., Tittonell, P., Vanlauwe, B., Whitbread, A., Giller, K.E., 2008. 
Aggregating field-scale knowledge into farm-scale models of African smallholder 
systems: Summary functions to simulate crop production using APSIM. Agric. Syst. 
97, 151-166. 
Chirwa, P.W., Black, C.R., Ong, C.K., Maghemb, J.A., 2003. Tree and crop productivity in 
gliricidia/maize/pigeonpea cropping systems in southern Malawi. Agroforestry Syst. 
59, 265-277. 
Christensen, B.T., Olesen, J.E., 1998. Nitrogen mineralisation potential of organomineral 
size separates from soils with annual straw incorporation. Eur. J. Soil Sci. 49, 25-36. 
Ciadamidaro, L., Francisco Cabrera P., Madejon, E., 2014. White popular (Populus alba L.) 
– Litter impact on chemicaland biochemical parameters related to nitrogen cyclein 
contaminated soils. Forest Syst. 23, 72-83. 
Clein, J.S., Schimel, J.P., 1993. Reduction in microbial activity in birch litter due to drying 
and rewetting events. Soil Biol. Biochem. 26, 403-406.  
Coleman, K., Jenkinson, D.S., 1996. Roth-C 26.3-a model for the turnover of carbon in 
soil. In: Polwson, T.S., Smith, P., Smith, J.U. (Eds.), Evaluation of Soil Organic 
Matter Models Using Existing Long Term Datasets. NATO ASI, Series I, vol. 38. 
Kluwer Academic Publishers, Dordrecht, Netherlands, pp. 237-246. 
viii 
 
Connolly, R.D., Bell, M., Huth, N., Freebairn, D.M., Thomas, G., 2002. Simulating 
infiltration and the water balance in cropping systems with APSIM-SWIM. Aust. J. 
Soil Res. 40, 221-242. 
Constantinides, M, Fownes, J.H., 1994. Nitrogen mineralisation from leaves and litter of 
tropical plants: relationship to nitrogen, lignin and soluble polyphenol concentrations. 
Soil Biol. Biochem. 26, 49-55.   
Cookson, W.R., Cornforth, I.S., Rowarth, J.S., 2002. Winter soil temperature (2-15°C) 
effects on nitrogen transformation in clover green manure and unamended soils: a 
laboratory and field study. Soil Biol. Biochem. 34, 1401-1415. 
Cookson, W.R., Murphy, D.V., 2004. Quantifying the contribution of dissolved organic 
matter to soil nitrogen cycling using 15N isotopic pool dilution. Soil Biol. Biochem. 36, 
2097-2100. 
Coppens, F., Garnier, P., De Gryze, S., Merckx, R., Recous, S., 2006. Soil moisture 
carbon and nitrogen dynamics following incorporation versus surface application of 
labelled residues in soil columns. Eur. J. Soil Sci. 57, 894-905. 
Coppens, F., Garnier, P., Findeling, A., Recous, S., Merckx, R., 2004. Modelling water, 
nitrogen and carbon fluxes during decomposition of crop residues, incorporated or 
left at the soil surface. In: EUROSOIL Conf., Freiburg, Germany. Sept. 2004. Inst. of 
Soil Sci. For. Nutr., Freiburg, 4-12. 
Craciun, L., Craciun, M., 1999. Water and nitrogen use efficiency under limited water 
supply for maize to increase land productivity. In: Kirda, C., Moutonnet, P., Hera, C.,  
Nielsen, D.R., (Eds.), Crop yield response to deficit irrigation, Dordrecht, The 
Netherlands, Kluwer Academic Publishers. 
Craswell, E.T., Saffigna, P.G., Waring, S.A., 1970. The mineralisation of organic nitrogen 
in dry soil aggregates of different sizes. Plant Soil 33, 383-392. 
Csonka, L.N., 1989. Physiological and genetic responses of bacteria to osmotic 
stress.Microbiol. Rev. 52, 121-147. 
Curtin, D., Wen, G., 1999. Organic matter fractions contributing to soil nitrogen 
mineralisation potential. Soil Sci. Soc. Am. J. 63, 410-415. 
Curtin, D., Wright, C.E., Beare, M.H., McCallum, F.M., 2006. Hot water-extractable 
nitrogen as an indicator of soil nitrogen availability. Soil Sci. Soc. Am. J. 70, 1512-
1521. 
Dalal, R.C., Mayer, R.J., 1987. Long-term trends in fertility of soils under continuous 
cultivation and cereal cropping in southern Queensland. VII. Dynamics of nitrogen 
mineralisation potentials and microbial biomass. Aust. J. Soil Res. 25, 461-472. 
ix 
 
Das, S.K., Subba Reddy, G., Sharma, K.L., Vittal, K.P.R., Venkateswarlu, B., Narayana 
Reddy, M., Reddy, Y.V.R., 1993. Prediction of nitrogen availability in soil after crop 
residue incorporation.Fert. Res. 34, 209-215. 
Dashora, K., 2011. Nitrogen Yielding Plants: The Pioneers of Agriculture with a 
Multipurpose. Am-Euras. J. Agron. 4, 34-37.  
De Neve, S., Hofman, G., 1996. Modelling N mineralisation of crop residues during 
laboratory incubations. Soil Biol. Biochem. 28, 1451-1457. 
De Neve, S., Hofman, G., 2002. Quantifying soil water effects on nitrogen mineralisation 
from soil organic matter and from fresh crop residues. Biol. Fertil. Soils 35, 379-386. 
De Ruiter, P.C., van Veen, J.A., Moore, J.C., Brussard, L., Hunt, H.W., 1993. Calculation 
of nitrogen mineralisation in soil food webs. Plant Soil 157, 263-274. 
Deans, J.R., Molina, J.A.E., Clapp, C.E., 1986. Models for predicting potentially 
mineralizable nitrogen and decomposition rate constants. Soil Sci. Soc. Am. J. 50, 
323-326.  
Delve, R.J., Cadisch, G., Tanner, J.C., Thorpe, W., Thorne, P.J., Giller, K.E., 2001. 
Implications of livestock feeding management on soil fertility in the small holder 
farming systems of sub-Saharan Africa. Agric. Ecosys. Environ. 84, 227-243. 
Dendooven, L., Merckx, R., Verstraeten, L.M.J., Vlassak, K., 1997. Failure of an iterative 
curve-fitting procedure to successfully estimate two organic N pools. Plant Soil 195, 
121-128. 
Dendooven, L., Merckx, R., Vlassak, K., 1995. Limitations of a calculated N mineralisation 
potential in studies of the N mineralisation process. Plant Soil 177, 175-181. 
Denef, K., Six, J., Paustian, K., Merckx, R., 2001. Importance of Macro-aggregates 
dynamics in controlling soil carbon stabilization: short-term effects of physical 
disturbance induced by dywet cycles. Soil Biol Biochem. 33, 2145-2153. 
Diaz-Fierros, F., Villar, M.C., Gil, F., Carballas, M., Leiros, M.C., Carballas, T., Cabaneiro, 
A., 1988. Effect of cattle slurry fractions on nitrogen mineralisation in soil. J. Agric. 
Sci. 110, 491-497. 
Dinakaran, J., Mehta, N., Krishnayya, N.S.R., 2011. Soil organic carbon dynamics in two 
functional types of ground cover (grasses and herbaceous) in the tropics. Curr. Sci. 
101, 6, 776-783. 
Dinesh, R., Suryanarayana, M.A., Nair, A.K., Chaudhuri, S.G., 2001. Leguminous Cover 
crop effects on nitrogen mineralisation rates and kinetics in soils. J. Agron. Crop Sci. 
187, 161-166. 
x 
 
Doran, J.W., Elliott, E.T., Paustian, K., 1998. Soil microbial activity, nitrogen cycling and 
long-term changes in organic carbon pools as related to fallow tillage 
management.Soil Till. Res. 49, 3-18. 
Dou, Z., Toth, J.D., Jabro, J.D., Fox, R.H., Fritton, D.D., 1996. Soil nitrogen mineralisation 
during laboratory incubation: dynamics and model fitting. Soil Biol. Biochem. 28, 625-
632. 
Drinkwater, L.E., Wagoner, P., Sarrantonio, M., 1998. Legume-based cropping systems 
have reduced carbon and nitrogen losses. Nature (London) 396, 262-265. 
Drury, C.F., Voroney, R.P., Beauchamp, E.G., 1991. Availability of NH4-N to 
microorganisms and the internal N cycle. Soil Biol. Biochem. 23, 165-169. 
Dutt, G.R., Shaffer, M.J., Moore, W.J., 1972. Computer simulation model of biophysico-
chemical processes in soils. Tech. Bulletin 196, Arizona Agril. Expt. Station, 
University of Arizona, Tucson, AZ, 128pp. 
EcKersten, H., Jansson, P.E., Johnsson, H., 1996. The SOILN model’s user manual. 
Department of Soil Science, Swedish University of Agricultural Sciences, Uppsala. 
Edwards, A.P., Bremner, J.M., 1967. Microaggregates in soils. J. Soil Sci. 18, 64-73. 
El Gharous, M., Westerman, R.L., Soltanpour, P.N., 1990. Nitrogen mineralisation 
potential of arid and semiarid soils of Morocco. Soil Sci. Soc. Am. J. 54, 438-443. 
Ellert, B.H., Bettany, J.R., 1992. Temperature dependence of net nitrogen and sulfur 
mineralisation. Soil Sci. Soc. Am. J. 56, 1133-1141. 
Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native 
and cultivated soils. Soil Sci. Soc. Am. J. 50, 627-633. 
Elliott, E.T., Coleman, D.C., 1988. Let the soil work for us. In: Eijsackers, H., Quispel, A., 
(Eds.), Ecological implications of contemporary agriculture. Ecol. Bull. 39, 23-32. 
English, M.J., Nakamura, B., 1989. Effects of deficit irrigation and irrigation frequency on 
wheat yields. J. Irrigation Drainage Eng. ASCE 115, 172-184. 
Evenson, R., Herdt, R., Hossain, M., 1997. Rice research in Asia: progress and priorities. 
CAB International and IRRI. Hoogenboom, G., Wilkens, P.W., Tsuji, G.Y. (Eds.), 
DSSAT Version 3, 4.University of Hawaii, Honolulu, Hawaii, pp. 418-435. 
Farage, P.K., Ardo, J., Olsson, L., Rienzi, E.A., Ball, A.S., Pretty, J.N., 2007. The potential 
for soil carbon sequestration in the tropic dryland farming systems of Africa and 
Latin America: a modelling approach. Soil Till. Res. 94, 457-472. 
Faria, R.T. de, Madramootoo, C.A., Boisvert, J., Prasher, S.O., 1994. A Comparison of the 
performance of SWACROP and the versatile soil moisture budget models in Brazil. 
Can. Agric. Eng., 36, 1-12. 
xi 
 
Fehr, W.R., Caviness, C.E., Burmood, D., Pennington, J.S., 1971. Stage of development 
descriptions for soybeans, Glycine max (L.) Merr. Crop Sci. 11, pp. 929-931. 
Findeling, A., Garnier, P., Coppens, F., Lafolie, F., Recous, S., 2007. Modelling water, 
carbon and nitrogen dynamics in soil covered with decomposing mulch. Eur. J. Soil 
Sci. 58, 196-206. 
Flavel, T.C., Murphy, V.D., 2006. Carbon and nitrogen mineralisation after application of 
organic amendments to soil. J. Environ. Qual. 35, 183-193. 
Fog, K. 1988.The effect of added nitrogen on the rate of decomposition of organic matter. 
Biol. Rev. 63, 433-462. 
Fogel, R., Cromack, Jr. K., 1977. Effect of habitat and substrate quality on Douglas fir litter 
decomposition in western Oregon. Can. J. Bot. 55, 1632-1640. 
Franko, U., Oelschlagel, B., Schenk, S., 1995. Simulation of temperature, water and 
nitrogen dynamics using the model CANDY. Ecol. Modell. 81, 213-222. 
Franzluebbers, A.J., 1999. Microbial activity in response to water- filled pore space of 
variably eroded southern Piedmont soils. Appl. Soil Ecol. 11, 91-101. 
Gabrielle, B., De-Silveira, J., Houot, S., Francou, C., 2004. Simulating urban waste 
compost effects on carbon and nitrogen dynamics using a biochemical index. J. 
Environ. Qual. 33, 2333-2342. 
Gachengo, C.N., Vanlauwe, B, Palm, C.A., 2004. Mineralisation pattern of selected 
organic materials. In: Delve, R.J., Probert, M.E. (Eds.), Modelling nutrient 
management in tropical cropping systems. ACIAR Proceeding, No.114, 54-61. 
Garabet, S., Ryan, J., Wood, M., 1998. Nitrogen and water effects on wheat yield in a 
Mediterranean-type climate II. Fertiliser use efficiency with labelled nitrogen. Field 
Crops Res. 58, 213-221. 
Garau, M.A., Felipo, M.T., Ruiz De Villa, M.C., 1986. Nitrogen mineralisation of sewage 
sludges in soils. J. Environ. Qual. 15, 225-229. 
Garnier, P., C. Néel, C. Aita, S. Recous, F. Lafolie, Mary B., 2003. Modelling carbon and 
nitrogen dynamics in a bare soil with and without straw incorporation. Eur. J. Soil Sci. 
54, 555-568. 
Gaydon, D.S., ProbertM.E., Buresh, R.J. Meinke, H., Suriadi, A.,  Dobermann, A., Bouman, 
B., Timsina,J., 2012. Rice in cropping systems-Modelling transitions between flooded 
and non-flooded soil environments. Eur. J. Agron. 39, 9-24. 
Geert Jan H., van der Burgt, M., Gerard J., Oomen, M., Walter A., Rossing, H., 2007. The 
NDICEA model, a tool to improve nitrogen use efficiency in cropping systems. In: K. 
xii 
 
Ch. Kersebaum et al. (Eds.), Modelling water and nutrient dynamics in soil-crop 
systems, pp. 91-110. 
Ghani, A., Dexter, M., Perrott, K.W., 2003. Hot-water extractable carbon in soils: a 
sensitive measurement for determining impacts of fertilization, grazing and cultivation. 
Soil Biol. Biochem. 35, 1231-1243. 
Ghosh, P.K., Ramesh, P., Bandyopadhyay, K.K., Tripathi, A.K., Hati, K.M., Misra, A.K.,  
Acharya, C.L., 2004. Comparative effectiveness of cattle manure, poultry manure, 
phosphocompost and fertiliser-inorganic on three cropping systems in Vertisols of 
semi-arid tropics. I. Crop yields and system performance. Bioresou. Technol. 95, 
77-83.  
Gibbs, P., Barraclough, D., 1998. Gross mineralisation of nitrogen during the 
decomposition of leaf protein I (ribulose 1,5-diphosphate carboxylase) in the 
presence or absence of sucrose. Soil Biol. Biochem. 30, 1821-1827. 
Gilhespy, S.L., Anthony, S., Cardenas, L., Chadwick, D., del Prado, A., Li, C., Misselbrook, 
T., Rees, R.M., Salas, W., Sanz-Cobena, A., Smith, P., Tilston, E.L., Topp, C.F.E., 
Vetter, S., Yeluripati, J.B., 2014. First 20 years of DNDC (DeNitrification 
DeComposition): Model evolution. Ecol. Modell. 292, 51-62. 
Giller, K.E., Cadisch, G., 1997. Driven by nature: A sense of arrival or departure. In: 
Cadish, G., Giller, K.E. (Eds.), Driven by nature: Plant Litter quality and 
decomposition. CAB International, Wallingford, pp. 393-399. 
Gomez, K.A., Gomez, A.A., 1984. Statistical procedures for agricultural research, 2nd 
edition. John Wiley and Sons, New York. 
Gordillo, R.M., Cabrera, M.L., 1997a. Mineralisation of nitrogen in broiler litter: I. Effect of 
selected little chemical characteristics. J. Environ. Qual. 26, 1672-1679. 
Grace, P.R., Ladd, J.N., Robertson, G.P., Gage, S.H., 2005. SOCRATES-a simple model 
for predicting long-term changes in soil organic carbon in terrestrial ecosystems. Soil 
Biol. Biochem. 38, 1172-1176. 
Grant, R.F., 1997. Changes in soil organic matter in different tillage and rotation: 
mathematical modeling in ecosystems. Soil Sci. Soc. Am. J. 61, 1159-1174. 
Grant, R.F., 2001. A review of Canadian ecosystem model- Ecosys.In: Shaffer, M.J., Ma, 
L., Hansen, S., (Eds.), Modeling carbon and nitrogen dynamics for soil management. 
Lewis Publ., FL, 173-264.  
Green, C.J., Blackmer, A.M., Horton, R., 1995. Nitrogen effects on conservation of carbon 
during corn residue decomposition in soil. Soil Sci. Soc. Am. J. 59, 453-459. 
xiii 
 
Gregorich, E.G., Carter, M.R., Angers, D.A., Monreal, C.M., Ellert, B.H., 1994. Towards a 
minimum data set to assess soil organic matter quality in agricultural soils. Can. J. 
Soil Sci. 74, 367-385. 
Gregorich, E.G., Janzen, H.H., 1995. Storage of soil carbon in the light fraction and 
macro-organic matter. In: Stewart, B.A., (Ed), Structure and organic matter storage in 
agricultural soils. Boca Raton, CRC/Lewis, pp. 167-190. 
Griffin, D.M., 1981. Water potential as a selective factor in the microbial ecology of soils. In: 
Parr, J.F., Gardner, W.R., Elliot, L.F., (Eds.), Water potential relations in soil 
microbiology. SSSA Spec. Publ. 9. SSSA, Madison, WI. pp. 141-151. 
Groenendijk, P., Kroes, J.G., 1997. Modelling nitrogen and phosphorus leaching to 
groundwater and surface water; ANIMO 3.5.Report 144, DLO Winand Staring Centre, 
Wagenigen, The Netherlands. 
Gunaseelan, V.N., 1988. Anaerobic digestion of Gliricidia leaves for biogas and organic 
manure. Biomass, 17, 1-11. 
Ha, K.V., Marschner, P., Bünemann, E.K., 2008. Dynamics of C, N, P and microbial 
community composition in particulate soil organic matter during residue 
decomposition. Plant Soil 303, 253-264. 
Haas, E., Klatt, S., Fröhlich, A., Kraft, P., Werner, C., Kiese, R., Grote, R., Breuer, L., 
Butterbach-Bahl., 2013. Landscape DNDC: a process model for simulation of 
biosphere–atmosphere–hydrosphere exchange processes at site and regional scale. 
Landsc. Ecol. 28, 615-636. 
Habets, A.S.J., Oomen G.J.M., 1994. Modelling nitrogen dynamics in crop rotations in 
ecological agriculture, In: Neeteson J.J., Hassink J. (Eds.), Nitrogen mineralisation in 
agricultural soils: Proceedings symposium at the Institute for Soil Fertility Research, 
Haren NL, 19-20 April 1993, AB-DLO, Haren, The Netherlands, pp. 255-268. 
Hadas, A., Feigenbaum, S., Feigin, A., Portnoy, R., 1986. Nitrogen mineralisation in 
profiles of differently managed soil types.Soil Sci. Soc. Am. J. 50, 314-319. 
Hadas, A., Kautsky, L., Goek, M., Kara, E.E., 2004. Rates of decomposition of plant 
residues and available nitrogen in soil, related to residue composition through 
simulation of carbon and nitrogen turnover. Soil Biol. Biochem. 36, 255-266. 
Hadas, A., Molina, J.A.E., Feigenbaum, S., Clapp, C.E., 1992. Factors affecting nitrogen 
immobilisation in soil as estimates by simulation models. Soil Sci. Soc. Am. J. 56, 
1481-1486. 
xiv 
 
Hadas, A., Parkin, T.B., Stahl, P.D., 1998. Reduced CO2 release from decomposing wheat 
straw under N-limiting conditions: simulation of carbon turnover. Eur. J. Soil Sci. 49, 
487-494. 
Handayanto, E., Cadisch, G., Giller, K.E., 1994. Nitrogen release from prunings of legume 
hedgerow tree in relation to quality of the prunings and incubation method. Plant Soil 
160, 237-248. 
Hansen, S., Jensen, H.E., Nielsen, N.E., Svendsen, H., 1990. DAISY: A soil plant system 
Model. Danish simulation model for transformation and transport of energy and 
matter in the soil plant atmosphere system.The National Agency for Environmental 
Protection, Copenhagen, 369p. 
Hansen, S., Jensen, H.E., Nielsen, N.E., Svendsen, H., 1991. Simulation of nitrogen 
dynamics and biomass production in winter wheat using the Danish simulation model 
DAISY. Fert. Res. 27, 245-259. 
Hao, Y., Lal, R., Owens, L.B., Izaurralde, R.C., Post, W.M., Hothem, D.L., 2002. Effect of 
crop land management and slope position on soil organic carbon pool at the North 
Appalachian experimental watersheds. Soil Till. Res. 68, 133-142. 
Harmsen, G.W.. Van Schreven, D.A., 1955. Mineralisation of organic nitrogen in the soil. 
Adv. Agron. 7, 299-398.  
Harrison, M.T., Tardieu, F., Dong, Z., Messina, C.D., Hammer, G.L., 2014. Characterizing 
drought stress and trait influence on maize yield under current and future conditions. 
Global Change Biol. 20, 867-878. 
Hassink, J., 1992. Effects of soil texture and structure on carbon and nitrogen 
mineralisation in grassland soils. Biol. Fertil. Soils 14,126-134. 
Hati, K.M., Mandal, K.G., Misra, A.K., Ghosh, P.K., Acharya, C.L., 2001. 
Evapotranspiration, water use efficiency, moisture use and yield of Indian mustard 
(Brassica juncea L.) under varying levels of irrigation and nutrient management in 
Vertisol. Indian J. Agric. Sci. 71, 639-643. 
Hati, K.M., Mandal, K.G., Misra, A.K., Ghosh, P.K., Bandyopadhyay, K.K., Acharya, C.L., 
2006. Effect of inorganic fertiliser and farmyard manure on soil physical properties, 
root distribution, water use efficiency and seed yield of soybean in Vertisols of 
Central India.Bioresour. Technol. 97, 2182–2188. 
Haynes, R.J., 2000. Labile organic matter as an indicator of organic matter quality in 
arable and pastoral soils in New Zealand. Soil Biol. Biochem. 32, 211-219. 
Haynes, R.J., 2005. Labile organic matter fractions as central components of the quality of 
agricultural soils: an overview. Adv. Agron. 85, 221-268. 
xv 
 
Heal O.W., Anderson J.M. and Swift M.J., 1997. Plant liter quality and decomposition: an 
historical overview. In: Cadisch G. and Giller K.E. (Eds.), Driven by Nature: Plant 
Litter Quality and Decomposition. CAB International,Wallingford, UK, pp. 3-30. 
Henriksen, T.M., Breland, T.A., 1999. Evaluation of criteria for describing crop residues 
degradability in a model of carbon and nitrogen turnover in soil. Soil Biol. Biochem. 
31, 1135-1149. 
Henriksen, T.M., Korsaeth, A., Breland, T.A., Stenberg, B., Jensen, S., Bruun, S., 
Gudmundsson, J., Palmason, F., Pedersen, A., Salo, T., 2007. Stepwise chemical 
digestion, near-infrared spectroscopy or total N measurement to take account of 
decomposability of plant C and N in a mechanistic model. Soil Biol. Biochem. 39, 
3115-3126. 
Hiura, K., Hattori, T., Furusaka, C., 1976. Bacteriological studies on the mineralisation of 
organic nitrogen in paddy soils. I. Effects of mechanical disruption of soils on 
ammonification and bacterial number. Soil Sci. Plant Nutr. 22, 459-465. 
Hobbie, S., 1992. Effects of plant species on nutrient cycling. Tree 7, 336-339. 
Hong-Jun, L., Bao-Guo, L., You-Lu, B., Yuan-Fang, H., Yi-Zhong, L., Gui-Tong, L., 2006. 
Modeling soil organic matter dynamics under intensive cropping systems on the 
Huang-Huai-Hai Plain of China. Pedosphere 16, 409-419. 
Hong-ling, L., Shi-qing, L., Fa-hui, J., Ming-an, S., 2008. Effects of soluble organic N on 
evaluatingsoil N-supplying capacity. Agric. Sci. China. 7, 860-870. 
Houot, S., Molina, J.A.E., Chaussod, R., Clapp, C.E., 1989. Simulation by NCSOIL of net 
mineralisation in soils from the Deherain and 36 Parcelles fields at Grignon. Soil Sci. 
Soc. Am. J. 53, 451-455. 
Hsieh, C.I., Leahy, P., Kiely, G., Li, C., 2005. The effect of future climate perturbations on 
N2O emissions from a fertilized humid grassland. Nutri. Cycl. Agro-Ecosyst. 73, 15-23. 
Huang, G.F., Wong, J.W.C., Wu, Q.T., Nagar, B.B., 2004. Effect of C/N on composting of 
pig manure with sawdust. Waste manage. 24, 805-813. 
Huang, W.Z., Schoenau, J.J., 1996. Distribution of water-soluble organic carbon in an 
aspen forest soil. Can. J. For. Res. 26, 1266-1272. 
Hunt, H.W., Cole, C.V., Elliott, E.T., 1985. Model for the growth of bacteria inoculated into 
sterilized soil. Soil Sci. 139, 156-165. 
Hutson, J.L., Wagenet, R.J., 1992. LEACHM: Leaching estimation and chemistry model. A 
process based model for solute movement, transformation, plant uptake and 
chemical reaction in the unsaturated zone. Version 3.0, Department of Soil Crop and 
Atmospheric Sciences, Research series No. 93-3, Cornell University, Ithaca, NY. 
xvi 
 
Ichir, L.L., Ismaili, M., 2002. Decomposition and nitrogen dynamics of wheat residues and 
impact on the wheat growth stages. C. R. Biologies 325, 597-604. 
Iqbal, M.M., Shah, S.M., Mohammad, W., Nawaz, H., 1999. Field response of potato 
subjected to water stress at different growth stages. In: Kirda, C., Moutonnet, P., 
Hera, C., Nielsen, D.R. (Eds.), Crop Yield Response to Deficit Irrigation. Kluwer 
Academic Publishers, The Netherlands. Irrigation Short Course, February 7-8, 1994, 
Garden City, Kansas, USA. 
Izaurralde, R.C., Williams J.R., McGill, W.B., Rosenberg, N.J., Quiroga, Jakas, M.C., 2006. 
Simulating soil C dynamics with EPIC: model description and testing against long-
term data. Ecol. Modell.192, 362-384. 
Jalota, R.K., Dalal, R.C., Harms, B.P., Page, K., Mathers, N.J., Wang, W.J., 2006. Effects 
of litter and fine root composition on their decomposition in a Rhodic Paleustalf under 
different land uses. Comm. Soil Sci. Plant Anal. 37, 1859-1875. 
Jandl, R., Sollins, P., 1997. Water extractable soil carbon in relation to the belowground 
carbon cycle. Biol. Fertil. Soil 25, 196-201. 
Janssen, B.H., 1984. A simple method for calculating decomposition and accumulation of 
‘young’ soil organic matter. Plant Soil 76, 297-304. 
Jansson, S.L., 1963. Nitrogen transformation in soil organic matter. In: FAO/IAEA (Eds.), 
The use of isotopes in soil organic matter studies. Report of the FAO/IAEA technical 
meeting. Pergamon, New York, pp. 283-296. 
Jansson, S.L., Persson, J., 1982. Mineralisation and immobilisation of soil nitrogen. In: 
Stevenson, F.J., (Ed.), Nitrogen in agricultural soils. American Society of Agronomy, 
Madison, Wis., pp. 229-252. 
Janzen, H.H., Kucey, R.M.N., 1988. C, N and S mineralisation of crop residues as 
influenced by crop species and nutrient regime. Plant Soil, 106, 35-41. 
Jasson, S, L., 1958. Tracer studies on N transformation in soils with special attention to 
mineralizarion-immobilisation relationships. Ann. R. Agric. Coll. Swed. 25,101-361. 
Jenkinson, D.S., 1990. The turnover of organic carbon and nitrogen in soil. Philos Trans. 
R. Soc. Lond. B. 329, 361-368. 
Jenkinson, D.S., 2001. The impact of humans on nitrogen cycle with focus on temperate 
arable agriculture. Plant Soil 228, 3-15. 
Jenkinson, D.S., Powlson, D.S., 1976. Effect of biocidal treatments on metabolism in soil. 
A method for measuring soil biomass. Soil Biol. Biochem. 8, 209-213. 
Jensen, L.S., Salo, T., Palmason, F., Breland, T.A., Henriksen, T.M., Stenberg, B., 
Pedersen, A., Lundström, C., Esala, M., 2005. Influence of biochemical quality on C 
xvii 
 
and N mineralisation from a broad variety of plant materials in soils. Plant Soil 273, 
307-326. 
Jha, P.B., Kashyap, A.K., Singh, J.S., 1996. Effect of fertiliser and organic matter inputs 
on nitrifier populations and N-mineralisation rates in a dry tropical region, India.Appl. 
Soil Ecol. 4, 231-241. 
Johnsson, H., Bergstron, L., Jansson, P.E., Paustian, K., 1987. Simulated nitrogen 
dynamics and losses in a layered agricultural soil. Agric. Ecosys. Environ. 18, 333-
356. 
Jokela, W.E., 1992. Nitrogen fertiliser and dairy manure effects on corn yield and soil 
nitrate. Soil Sci. Soc. Am. J., 56, 148-154. 
Jones, D.L., Healey, J.R., Willett, V.B., Farrar, J.F., Hodge, A., 2004. Dissolved organic 
nitrogen uptake by plants-an important N uptake pathway? Soil Biol. Biochem. 37, 
413-423. 
Joshi, O.P., Bhatia, V.S., 2003. Stress management in soybean. In: Singh, H., Hegde, 
D.M. (Eds.), Souvenir. National seminar on stress management in oilseeds for 
attaining self-reliance in vegetable oils. Indian Society of Oilseeds Research, 
Hyderabad, India, pp. 13-25. 
Jothimani, S., Sushma, P.K., Jose, A.I., Allirani, G., 1997. Evolution of CO2 on 
decomposition of coir pith in Oxisols. J. Indian Soc. Soil Sci., 45, 746-750. 
Karam, F., Masaad, R., Sfeir, T., Mounzer, O., Rouphael, Y., 2005. Evapotranspiration 
and seed yield of field grown soybean under deficit irrigation conditions. Agril. 
Water Manage. 75, 226-244. 
Kätterer,T., Andŕen, O., 2001. The ICBM family of analytically solved models of soil carbon, 
nitrogen and microbial biomass dynamics-descriptions and application examples. 
Ecol. Modell. 136, 191-207. 
Katyal, J.C., Rao, N.H., Reddy, M.N., 2001. Critical aspects of organic matter in the tropics: 
The example of India. Nut.Cycl.Agroecosys. 61, 77-88. 
Keating, B.A., Carberry, P.S., Hammer, G.L., Probert, M.E., Robertson, M.J., Holzworth, 
D., Huth, N.I., Hargreaves, J.N.G., Meinke, H., Hochman, Z., McLean, G., Verburg, 
K., Snow, V., Dimes, J.P., Silburn, M., Wang, E., Brown, S., Bristow, K.L., Asseng, S., 
Chapman, S., McCown, R.L., Freebairn, D.M., Smith, C.J., 2003. An overview of 
APSIM, a model designed for farming systems simulation. European J. Agron. 18, 
267-288. 
xviii 
 
Keating, B.A., Gaydon D., Huth N.I., Probert, M.E., Verburg, K., Smith, C.J.B, Bond, W., 
2002. Use of modelling to explore the water balance of dryland farming systems in 
the Murray-Darling Basin, Australia. Eur. J. Agron. 18, 159-169. 
Keeny, D.R., Nelson, D.W., 1982. Nitrogen - Inorganic forms. In: Page, A.L., Miller, R.H., 
Keeney, D.R. (Eds.), Method of Soil Analysis. American Society of Agronomy Inc. - 
American Society of Soil Science Inc., Madison, Wisconsin, USA, pp. 643-693. 
Kersebaum, K.C., 1989. Die simulation der stickstoffdynamik von ackerbönden, PhD, 
Thesis, University of Hanover, 141 pp. 
Kersebaum, K.C., Hecker, J.M., Mirschel, W., Wegehenkel, M., 2007. Modelling water and 
nutrient dynamics in soil-crop systems: a comparison of simulation models applied on 
common data sets. In: Kersebaum, K.C., Hecker, J.M., Mirschel, W., Wegehenkel, M., 
(Eds.), Modelling water and nutrient dynamics in soil-crop systems, Springer, pp. 1-
17. 
Kesik, M., Bruggemann, N., Forkel, R., Kiese, R., Knoche, R., Li, C., Suefert, G., Simpson, 
D., Butterbach-Bahl, K., 2006. Future scenarios of N2O and NO emissions from 
European forest soils, J. Geophys. Res. 111, G02018. 
Kieft, T.L., Soroker, E., Firestone, M.K., 1987. Microbial biomass response to a rapid 
increase in water potential when dry soil is wetted. Soil Biol. Biochem. 19, 119-126. 
Killham, K., Amato, A., Ladd, J.N., 1993. Effect of substrate location in soil and soil pore-
water regime on carbon turnover. Soil Biol. Biochem. 25, 57-62. 
Kimber, R.W.L., 1973. Phyto-toxicity from plant residues. Plant Soil 38, 543. 
Kirschbaum, M.U.F., Harms, B., Mathers, N.J., Dalal, R.C., 2008. Soil carbon and nitrogen 
changes after clearing mulga (Acacia aneura) vegetation in Queensland, Australia: 
Observations, simulations and scenario analysis. Soil Biol. Biochem. 40, 392-405 
Knisel, W.G. (Ed.), 1993. GLEAMS, Groundwater loading effects of agricultural 
management systems.Version 2.10.UGA-CPES-BAED, publication no. 5, 259p. 
Kobraee, S., Shamsi, K., Rasekhi, B., Kobraee, S., 2010.Investigation of correlation 
analysis and relationships between grain yield and other quantitative traits in 
chickpea. African J. Biotechnol. 9, 2342-2348. 
Kölbl, A., Kögel-Knabner, I., 2004. Content and composition of free and occluded 
particulate organic matter in a differently textured arable Cambisol as revealed by 
solid-state 13C NMR spectroscopy. J. Plant Nutr. Soil Sci. 167, 45-53. 
Koopmans, C.J., Bokhorst, J.G., 2000. Optimising organic farming systems: nitrogen 
dynamics and long-term soil fertility in arable and vegetable production systems in 
The Netherlands. In: Alföldi, T., Lockeretz, W., Nigli, U., (Eds.), The world grows 
xix 
 
organic: Proceedings of the 13thInternational Scientific Conference, Basel, 
Switzerland, pp. 69-72. 
Koopmans C.J., Bokhorst J., 2002. Optimising organic farming systems: nitrogen 
dynamics and long-term soil fertility in arable and vegetable production systems in 
the Netherlands. In: Alföldi T., Lockeretz W., Nigli U. (Eds.), IFOAM 2000-The World 
Grows Organic, Proceedings of the 13th International IFOAM Scientific Conference 
Basel 28 to 31 August 2000, Hochschulverlag AG an der ETH Zurich, 2000, pp. 69-
72. 
Korsaeth, A., Molstand, L., Bakka, L.R., 2001. Modelling the competition for nitrogen 
between plants and micro-flora as a function of soil heterogeinity. Soil Biol. Biochem. 
33, 215-226. 
Kristensen, H.L., McCarty, G.W., Meisinger, J.J., 2000. Effects of soil structure 
disturbance on mineralisation of organic soil nitrogen. Soil Sci. Soc. Am. J.  64, 371-
378. 
Kröbel, R., Smith, W.N., Grant, B.B., Desjarins, R.L., Campbell, C.A., Tremblay, N., Li, 
C.S., Zentner, R.P., McConkey, B.G., 2011. Development and evaluation of a new 
Canadian spring wheat sub-model for DNDC. Can. J. Soil Sci. 91, 503–520. 
Kruse, J., Kissel, D.E., Cabrera, M.L., 2004. Effects of drying and rewetting on carbon and 
nitrogen mineralisation in soils and incorporated residues.Nutr.Cycling Agroecosyst. 
69, 247-256. 
Kumar, K., Goh, K.M., 2000. Crop residues and management practices: effects on soil 
quality, soil nitrogen dynamics, crop yield and nitrogen recovery. Adv. Agron. 68, 
197-319. 
Kumar, K., Goh, K.M., 2003. Nitrogen release from crop residues and organic 
amendments as affected by biochemical composition.Comm. Soil Sci. Plant Anal. 34, 
2441-2460. 
Kumar, S., 2008. Raising wheat production by addressing supply side constraints in 
India.National Centre for Agricultural Economics and Policy Research: Prioritization, 
Monitoring and Evaluation (PME), Note No. 16, pp. 1-8. 
Kumar, R., Singh, K.K., Gupta, B.R.D., Baxla, A.K., Rathore, L.S., Attri, S.D., 2002. 
Optimum sowing dates for soybean in central India using CROPGRO and ClimProb 
symbiosis. Meteorol. Appl. 9, 247–254.  
Kundu S., Coumar M.V.,  Saha J.K., Rajendiran S., Hati K.M., Biswas A.K., Reddy K.S.,  
Rao A. Subba., 2012. Assessing Soil Health of Vertisol of AESR 10.1 using Selected 
xx 
 
Physical, Chemical and Biological Attributes of Soils. J. Indian Soc. Soil Sci. 60, 4, 
281-287. 
Kwesiga, F.R., Franzel, S., Place, F., Phiri, D., Simwanza, C.P. 1999. Sesbania sesban 
improved fallows in eastern Zambia: their inception, development and farmer 
enthusiasm. Agroforestry Syst. 47, 49-66. 
Ladha, J.K., Dawe, D., Pathak, H., Padre, A.T., Yadav, R.L., Singh, B., Singh, Y., Singh, 
P., Kundu, A.L., Sakal, R., Ram, N., Regni, A.P., Gami, S.K., Bhandari, A.L., Amin, 
R., Yadav, C.R., Bhattarai, E.M., Das, S., Aggrawal, H.P., Gupta, R.K., Hobbs, P.R., 
2003. How extensive are yield declines in long-term rice-wheat experiments in Asia? 
Field Crops Res. 81, 159-180. 
Lafolie, F., 1991. Modelling water flow, nitrogen transport and root uptake including 
physical non-equilibrium and optimization of the root water potential. Fert. Res. 27, 
215-232. 
Lal M., Singh, K.K., Srinivasan, G., Rathore, L.S., Naidu, D., Tripathi, C.N., 1999. Growth 
and yield responses of soybean in Madhya Pradesh, India to climate variability and 
change.Agric. Forest Meteorol. 93, 53-70. 
Lal, R., 2000. Soil management in developing countries. Soil Sci. 165, 57-72. 
Lal, R., 2001. Soil erosion and carbon dynamics on grazing lands. In: Follett, R.F., Kimble, 
J.M., Lal, R., (Eds.), The potential of U.S. grazing lands to sequester carbon and 
mitigate the greenhouse effect,Boca Raton, Florida, CRC/Lewis Publishers, pp. 231-
247. 
Lansigan, F.P., Bouman, B.A.M., Aggarwal, P.K., 1996. Yield gaps in selected rice-
producing areas in the Philippines. In: Aggarwal, P.K., Lansigan, F.P., Thiyagarajan, 
T.M., Rubia, E.G. (Eds.), Towards Integration of Models in Rice Research. SAARP 
Research Proceedings, Wegeningen and Los Bafios, pp. 11–18. 
Leite, L.F.C., Doraiswamy, P.C., Causarano, H.J., Gollany, H.T., Milak, S., Mendonca, 
E.S., 2009. Modeling organic carbon dynamics under no-tillage and plowed systems 
in tropical soils of Brazil using CQESTR. Soil Till. Res.102, 118-125. 
Lekasi, J.K., Tanner, J.C., Kimani, S.K., Harris, P.J.C., 2003. Cattle manure quality in 
Maragua district, central Kenya: effect of management practices and development of 
simple methods of assessment. Agric. Eco. Environ. 94, 289-298. 
Lellei-Kovács, E., Kovács-Láng, E., Botta-Dukát, Z., Kalapos, T., Emmett, B., Beier, C., 
2011. Thresholds and interactive effects of soil moisture on the temperature 
responseof soil respiration. Eur. J. Soil Sci. 47, 247-255. 
xxi 
 
Li, C., 1996. The DNDC model. In: Powlson, D.S., Smith, P., Smith, J.U. (Eds.), Evaluation 
of soil organic matter models using existing long-term datasets. NATO ASI Series I, 
Vol. 38, Springer-Verlag, Heidelberg, pp. 263-268. 
Li, C., Frolking, S., Frolking, T.A., 1992. A model of nitrous oxide evolution from soil driven 
by rainfall events, 2. Model applications. J. Geophys. Res. 97, 9777-9783. 
Li, Z.Z., Li, W.D., Li, W.L., 2004. Dry-period irrigation and fertiliser application affect water 
use and yield of spring wheat in semi arid regions. Agric. Water Manage. 65, 133-
143. 
Li. C., Frolking, S., Frolking, T.A., 1992a. A model of nitrous oxide evolution from soil 
driven by rainfall events, 1.Model structure and sensitivity. J. Geophys. Res. 97, 9759-
9776. 
Liao, J.D., Boutton, T.W., Jastrow, J.D., 2006. Storage and dynamics of carbon and 
nitrogen in soil physical fractions following woody plant invasion of grassland. Soil 
Biol. Biochem. 38, 3184-3196. 
Lindemann, W.C., Cardenas, M., 1984. Nitrogen mineralisation potential and nitrogen 
transformations of sludge-amended soils. Soil Sci. Soc. Am. J. 50, 323-326. 
Liu Y, Zhou G Y, Liu J X. 2005. Advances in studies on dissolved organic nitrogen in 
terrestrial ecosystems. Chinese J. Ecol.24, 573-577 (in Chinese). 
Loague, K., Green, R.E., 1991. Statistical and graphical methods for evaluating solute 
transport models: overview and application. J. Contam. Hydrol. 7, 51–73. 
Logan, T.J., 1990. Agricultural best management practices and groundwater protection. J. 
Soil Water Conserv. 45, 201-206. 
Lupway, N.Z., Haque, I., 1998. Mineralisation of N, P, K, Ca and Mg from Sesbania and 
Leaucaena leaves varying in chemical composition. Soil Biol. Biochem. 30, 337-343. 
MacDonald, N.W., Zak, D.R., Pregitzer, K.S., 1995. Temperature effects on kinetics of 
microbial respiration and net nitrogen and sulfur mineralisation. Soil Sci. Soc. Am. J. 
59, 233-240. 
MacRobert, J.F., Savage, M.J., 1998. The use of a crop simulation model for planning 
wheat irrigation in Zimbabwe. In:  Understanding Options of Agricultural Production, 
Tsuji, G.Y., Hoogenboom, G., Thornton, P.K., Dordrecht, (Eds), The Netherlands: 
Kluwer Academic Publishers and International Consortium for Agricultural Systems 
Applications pp. 205-220. 
Mafongoya, P.L., Giller, K.E., Palm, C.A., 1998. Decomposition and nitrogen release 
patterns of tree prunings and litter. Agrofor. Syst. 38, 77-97. 
xxii 
 
Magdoff, F., Ray, R.W. (Eds.), 2004. Soil Organic Matter in Sustainable Agriculture. CRC 
Press, Boca Raton, FL. 
Magid, J., Kjaergaard, C., Gorissen, A., Kuikman, P.J., 1999. Drying and rewetting of a 
loamy sand soil did not increase the turnover of native organic matter, but retarded 
the decomposition of added 14C-labelled plant material. Soil Biol. Biochem. 31, 595-
602. 
Malone, R.W., Huth, N., Carberry, P.S., Ma, L., Kaspar, T.C., Karlen, D.L., Meade, T., 
Kanwar, R.S., Heilman, P., 2007. Evaluating and predicting agricultural 
management effects under tile drainage using modifiedAPSIM. Geoderma, 140, 
310-320. 
Mall, R.K., Singh, R., Gupta, A., Srinivasan, G., Rathore, L.S., 2006. Impact of climate 
change on Indian agriculture: a review. Climate Change, 78, 445-478. 
McMaster, G.S., Wilhelm, W., 1997. Growing degree-days: one equation, two 
interpretations. Agric. Forest Meteorol. 87, 291-300. 
Mandal, K.G., Saha, K.P., Ghosh, P.K., Hati, K.M., Bandyopadhyay, K.K., 2002.Bioenergy 
and economic analysis of soybean-based crop production systems in central India. 
Biomass Bioenergy 23, 337-345. 
Manjaiah, K., Singh, D., 2001. Soil organic matter and biological properties after 26 years 
of maize–wheat–cowpea cropping as affected by manure and fertilization in 
cambisol in semiarid region of India. Agric. Ecosyst. Environ. 86, 55-162. 
Manna, M.C., Swarup, A., Wanjari, R.H., Mishra, B., Shahi, D.K., 2007. Long-term 
fertilization, manure and liming effects on soil organic matter and crop yields.Soil 
Till. Res. 94, 397-409. 
Manna, M.C., Swarup, A., Wanjari, R.H., Ravankar, H.N., Mishra, B., Saha, M.N., Singh, 
Y.V., Sahi, D.K., Sarap, P.A., 2005. Long-term effect of fertiliser and manure 
application on soil organic carbon storage, soil quality and yield sustainability under 
sub-humid and semi-arid tropical India. Field Crops Res. 93, 264-280. 
Manzoni, S., Porporato, A., 2007.A theoretical analysis of nonlinearities and feedbacks in 
soil carbon and nitrogen cycles. Soil Biol. Biochem. 39, 1542-1556. 
Manzoni, S., Porporato, A., Schimel, J.P., 2008. Soil heterogeneity in lumped 
mineralisation–immobilisation models. Soil Biol. Biochem. 40, 1137-1148. 
Marion, G.M., Black, C.H., 1987. The effect of time and temperature on nitrogen 
mineralisation in Arctic tundra soils. Soil Sci. Soc. Am. J. 51, 1501-1508. 
Mary, B, Recous, S., Darwis, D., Robin, D., 1996. Intercations between decomposition of 
plant residues and nitrogen cyclings in soil. Plant Soil, 181, 71-82. 
xxiii 
 
Mary, B., Beaudoin, N., Justes, E., Machet, J.M., 1999. Calculation of nitrogen 
mineralisation and leaching in fallow soils using simple dynamic model. Eur. J. Soil 
Sci. 50, 549-566. 
Mary, B., Recous, S., Robin, D., 1998. A model for calculating nitrogen fluxes in soil using 
15N tracing. Soil Biol. Biochem. 30, 1963-1979. 
Matus, J.P., Rodriguez, J., 1994. A simple method for estimating the contribution of 
nitrogen mineralisation to the nitrogen supply of crops from a stabilised pool of soil 
organic matter and recent organic input. Plant Soil 162, 259-271. 
Mavi, H.S. 1986. Introduction to Agrometeorology. Oxford and IBH Publication, New Delhi, 
India. 
McClaugherty, C., Berg, B., 1987. Cellulose, lignin and nitrogen concentrations as rate 
regulating factors in late stages of forest litter decomposition. Pedobiologia 30, 101-
112. 
McCown, R.L., Hammer, G.L., Hargreaves, J.N.G., Holzworth, D.P., Freebairn, D.M., 1996. 
APSIM: a novel software system for model development, model testing, and 
simulation in agricultural research. Agric. Syst. 50, 255-271. 
McCown, R.L., Keating, B.A., Probert, M.E., Jones, R.K., 1992. Strategies for sustainable 
crop production in semi-arid Africa. Outlook Agric. 21, 21-31.  
McGechan, M.B., Wu, L., 2001. The review of carbon and nitrogen processes in European 
soil nitrogen dynamics models. In: Shaffer, M.J., Ma, L., Hansen, S., (Eds.), Modeling 
carbon and nitrogen dynamics for soil management. Lewis Publ., New York, pp. 427-
460. 
Melero, S., Jesus, L.R., López-Bellido, R. J., López-Bellido, Muňoz-Romero, V., Moreno, 
F., Murillo, J.J., 2011. Long-term effect of tillage, rotation and nitrogen fertiliser on 
soil quality in a Mediterranean Vertisol. Soil Till. Res. 114, 97-107.  
Melillo, J.M., Aber, J.D., Linkins, A.E., Ricca, A., Fry, B., Nadelhoffer, K.J., 1989. Carbon 
and nitrogen dynamics along the decay continuum: Plant litter to soil organic matter. 
Plant Soil 115, 189-198. 
Mishra, H.S., Rathore, T.R., Tomar, V.S., 1995. Water use efficiency of irrigated wheat in 
the Terai region of India. Irrigation Sci. 16, 75-80. 
Molina, J.A.E., Clapp, C.E., Larson, W.E., 1980. Potentially mineralizable nitrogen in soil: 
the simple exponential model does not apply for the first 12 weeks of incubation. Soil 
Sci. Soc. Am. J. 44, 442-444. 
xxiv 
 
Molina, J.A.E., Clapp, C.E., Shaffer, M.J., Chichester, F.W., Larson, W.E., 1983. NCSOIL, 
a model of nitrogen and carbon transformations in soil: description, calibration and 
behavior. Soil Sci. Soc. Am. J. 47, 85-91. 
Molina, J.A.E., Hadas, A., Clapp, C.E., 1990. Computer simulation of N turnover in soil 
and priming effect. Soil Biol. Biochem. 22, 349-353. 
Monaco, S., Hatch, D.J., Sacco, D., Bertora, C., Grignani, C., 2008. Changes in chemical 
and biochemical soil properties induced by 11-yr repeated additions of different 
organic materials in maize-based forage systems.Soil Biol. Biochem. 40, 608-615. 
Mueller, T., Jensen, L.S., Hansen, S., Nielsen, N.E., 1996. Simulating soil carbon and 
nitrogen dynamics with the soil–plant–atmosphere system model DAISY. In: Powlson, 
D., Smith, P., Smith, J.U. (Eds.), Evaluation of soil organic matter models using 
existing long-term datasets. NATO ASI Series I, vol. 38. Springer-Verlag, Heidelberg, 
pp. 275-282. 
Mueller, T., Jensen, L.S., Nielsen, N.E., Magid, J. 1998. Turnover of carbon and nitrogen 
in a sandy loam soil following incorporation of chopped maize plants, barley straw 
and blue grass in the field. Soil Biol. Biochem. 30, 561-571. 
Murphy, D.V., Macdonald, A.J., Stockdale, E.A., Goulding, K.W.T., Fortune, S., Gaunt, 
J.L., Poulton, P.R., Wakefield, J.A., Webster, C.P., Wilmer, W.S., 2000. Soluble 
organic nitrogen in agricultural soils.Biol. Ferti. Soils, 30, 374-387. 
Murphy, D.V., Recous, S., Stockdale, E.A., Fillery, I.R.P., Jensen, L.S., Hatch, D.J., 
Goulding, K.W.T., 2003. Gross nitrogen fluxes in soil: theory, measurement and 
application of 15N pool dilution techniques. Adv. Agron. 79, 69-118. 
Murungu, F.S., Madanzi, T., 2010. Seed priming, genotype and sowing date effect on 
emergency, growth and yield of wheat in a tropical low altitude area of Zimbabwe.J. 
Agric. Res. 5, 2341-2349. 
Musick, J.T., 1994. General guidelines for deficit irrigation management. In: Proceedings 
of the Paper Presented at Central Plains Irrigation Short Course, 7-8 February 1994, 
Garden City, KS, USA. 
Naab, J.B., Singh, P., Boote, K.J., Jones, J.W., Marfo, K.O., 2004. Using CROPGRO-
Peanut model to quantify yield gaps in the Guinean Savanna zone of Ghana. Agron. 
J. 96, 1231-1242. 
Nardi, S., Morari, F., Berti, A., Tosoni, M., Giardini, L., 2004. Soil organic matter properties 
after 40 years of different use of organic and mineral fertilisers. Eur. J. Agro. 21, 357-
367. 
xxv 
 
Nedwell, D.B., 1999. Effect of temperature on microbial growth: lowered affinity for 
substrates limits growth at low temperature. FEMS Microbiol. Ecol. 30, 101-111. 
Nelson, D.N., Sommer, L.E., 1982. Total carbon, organic carbon and organic matter. In: 
Page, A.L., Miller, R.H., Keeney, D.R. (Eds.), Methods of Soil Analysis. American 
Society of Agronomy Inc. Soil Science Society of America Inc., Madison, USA, pp. 
539-589. 
Nelson, R.A., Dimes, J.P., Paningbatan, E.P., Silburn, D.M., 1998. Erosion/productivity 
modelling of maize farming in the Philippine uplands. Part I: Parameterising the 
Agricultural Production Systems Simulator. Agric. Syst. 58, 129-146. 
Nicolardot, B., Recous, S., Mary, B., 2001. Simulation of C and N mineralisation during 
crop residue decomposition: A simple dynamic model based on the C: N ratio of the 
residues. Plant Soil 228, 83-103. 
Nissen, T.M., Wander, M.M., 2003. Management and soil-quality effects on fertiliser-use 
efficiency and leaching. Soil Sci. Soc. Am. J. 67, 1524-1532. 
Nordmeyer, H., Richter, J., 1985. Incubation experiments on nitrogen mineralisation in 
loess and sandy soils. Plant Soil 83, 433-445. 
Nuske, A., Richter, J., 1981. N mineralisation in loess-para brown earths: incubation 
experiments. Plant Soil 59, 237-247. 
Oglesby, K.A., Fownes, J.H., 1992. Effects of chemical composition on nitrogen 
mineralisation from green manures of seven tropical leguminous trees. Plant Soil 143, 
127-132. 
Olesen, T., Griffiths, B.S., Henriksen, K., Moldrup, P., Wheatley, R., 1997. Modeling 
diffusion and reaction in soils: V. Nitrogen transformations in organic manure-amended 
soil. Soil Sci. 162, 157-168. 
Oorts, K., Garnier P., Findeling, A., Mary, B., Richard G., Nicolardot, B., 2007. Modeling 
soil carbon and nitrogen dynamics in no-till and conventional tillage using PASTIS 
Model.Soil Sci. Soc. Am. J. 71, 336-346. 
Oorts, K., Nicolardot, B., Merckx, R., Richard, Boizard, G.H., 2006. C and N mineralisation 
of undisrupted and disrupted soil from different structural zones of conventional 
tillage and no-tillage systems in northern France. Soil Biol. Biochem. 38, 2576-2586. 
Ortiz-Monasterio, J.I., Dhillon, S.S., Fischer, R.A., 1994. Date of sowing effects on grain 
yield and yield components of irrigated spring wheat cultivars and relationships with 
radiation and temperature in Ludhiana, India. Field Crops Res. 37, 169-184.  
xxvi 
 
Osborne. S. L., Shepers, J., Fransis, D.D., Schlemmer. M. R., 2002. Use of spectral 
radiance to in season biomass and grain yield in nitrogen water- stressed corn. 
Crop Sci. 42, 165-171. 
Oyanedel, C., Rodriguez, J., 1977. Estimation of N mineralisation in soils.Cienc. Invest. 
Agraria. 4, 33-44. 
Palm, C.A., Gachengo, C.N., Delve, R.J., Cadisch, G., Giller, K.E., 2001. Organic inputs 
for soil fertility management in tropical agro-ecosystems: application of an organic 
resource database. Agric. Eco. Env. 83, 27-42. 
Palm, C.A., Giller, K.E., Mafongoya, P.L., Swift, M.J., 2001. Management of organic 
matter in the tropics: Translating theory into practice. Nutr. Cycl. Agroecosyst. 61, 63-
75. 
Palm, C.A., Myers, R.J.K., Nandwa, S.M., 1997. Combined use of organic and inorganic 
nutrient sources for soil fertility maintenance and replenishment. In: Buresh, R.J., 
Sanchez, P.A., Calhoun, F. (Eds.), Replenishing soil fertility in Africa. Soil Science 
Society of America Inc., Special Publication 51, Madison, USA, pp. 193-218. 
Palm, C.A., Rowland, A.P., 1997. Chemical characterization of plant quality for 
decomposition. In: Cadisch, G., Giller, K.E. (Eds.), Driven by Nature: Plant litter 
quality and decomposition. CAB International, Wallingford, UK, pp. 379-392. 
Palm, C.A., Sanchez, P.A., 1991. Nitrogen release from the leaves of some tropical 
legumes as affected by their lignin and polyphenolic contents. Soil Biol. Biochem. 23, 
83-88. 
Pang, X.P., Letey, J., 2000. Organic farming: Challenge of timing nitrogen availability to 
crop nitrogen requirements. Soil Sci. Soc. Am. J. 64, 247-253. 
Pansu, M., Bottner, P., Sarmiento, L., Metselaar, K., 2004. Comparison of five soil organic 
matter decompositionmodels using data from a 14C and 15N labelling field experiment. 
Glob.Biogeochem.Cy. 18, 1-11, GB 4022. 
Paroda, R.S., 1999. Status of soybean research and development in India. In: Kauffman, 
H.E. (Ed.), Proceedings of VI World Soybean Research Conference, Chicago, IL, 
USA, pp. 13-23. 
Parton, W.J., Persson, J., Anderson, D.W., 1983. Simulation of organic matter changes in 
Swedish, soils. In: Lauenroth, W.K., Skogerboe, G.V., Flug, M., (Eds.). Analysis of 
ecological systems: State-of-the-art in ecological modeling. Elsevier, Amsterdam, pp. 
511-516.  
Parton, W.J., Rasmussen, P.E., 1994. Long-term effects of crop management in 
wheat/fallow: CENTURY model simulations. Soil Sci. Soc. Am. J. 58, 530-536. 
xxvii 
 
Parton, W.J., Schimel, D.S., Cole, C.V., Ojima, D.S., 1987. Analysis of factors controlling 
soil organic matter levels in Great Plain grasslands. Soil Sci. Soc. Am. J. 51, 1173-
1179. 
Pathak, H., Li, C.,Wassmann, H., Ladha, J.K., 2006. Simulation of nitrogen balance in 
rice-wheat systems of the Indogangetic plains. Soil Sc. Soc. Am. J. 70, 1612-1622. 
Paustian, K., A Êgren, G.I., Bosatta, E., 1997. Modelling litter quality e€ects on 
decomposition and soil organic matter dynamics. In: Cadish, G., Giller, K.E. (Eds.), 
Driven by Nature: Plant Litter Quality and Decomposition. CAB International, 
Wallingford, pp. 313-335. 
Paustian, K., Bonde, T.A., 1987. Interpreting incubation data on nitrogen mineralisation 
from soil organic matter. In: Cooley, J.H. (Ed.), Soil organic matter dynamics and soil 
productivity. Int. Ecol. Bull. 15, pp. 101-112.  
Perakis, S.S., Hedin, L.O., 2002. Nitrogen loss from unpolluted South American forests 
mainly via dissolved organic compounds. Nature415, 416-419. 
Plaza-Bonilla, D., A´lvaro-Fuentes, J., Cantero-Martınez, C., 2014. Identifying soil organic 
carbon fractions sensitive to agricultural management practices. Soil Till. Res. 139, 
19-22. 
Potthoff, M., Dyckmans, J., Flessa, H., Muhs, A., Beese, F., Joergensen, R.G., 2005. 
Dynamics of maize (Zea mays L.) leaf straw mineralisation as affected by the 
presence of soil and the availability of nitrogen. Soil Biol. Biochem. 37, 1259-1266. 
Powlson, D.S., Whitmore, A. P., Goulding, K.W.T., 2011. Soil carbon sequestration to 
mitigate climate change: a critical re-examination to identify the true and the false. 
Eur. J. Soil Sci.62, 42–55 
Prasad, P.V.V., Satyanarayana, V., Murthy, V.R.K., Boote, K.J., 2002. Maximizing yields 
in rice-groundnut cropping sequence through integrated nutrient management. Field 
Crops Res. 7, 9-21. 
Probert, M.E., Delve, R.J., Kimani, S.K., Dimes, J.P., 2004. The APSIM Manure Module: 
Improvements in predictability and application to laboratory studies. In: Delve, R.J., 
Probert, M.E. (Eds.), Modelling Nutrient Management in Tropical Cropping Systems. 
ACIAR Proceedings No. 114, Canberra, Australia, pp. 76-84. 
Probert, M.E., Delve, R.J., Kimani, S.K., Dimes, J.P., 2005. Modelling nitrogen 
mineralisation from manures: representing quality aspects by varying C/N ratio of 
sub-pools. Soil Biol. Biochem. 37, 279-287. 
xxviii 
 
Probert, M.E., Dimes, J.P., Keating, B.A., Dalal, R.C., Strong, W.M., 1998. APSIM’s water 
and nitrogen modules and simulation of the dynamics of water and nitrogen in fallow 
systems. Agric. Syst. 56, 1-28. 
Probert,  M.E., Dimes, J.P., Keating, B.A., Dalal, R.C., Strong, W.M., 1997. APSIM's water 
and nitrogen modules and simulation of the dynamics of water and nitrogen in fallow 
systems. Agric. Syst.  55, 1-28. 
Pulleman, J., Tietema, A., 1999. Microbial and N transformations during drying and 
rewetting of coniferous forest floor material. Soil Biol. Biochem. 31, 275-285. 
Qian, P., Schoenau, J., 2002. Availability of nitrogen in solid manure amendments with 
different C/N ratios.Can. J. Soil Sci. 82, 219-225. 
Quemada, M., Cabrera, M.L., 1997. Temperature and moisture effects on C and N 
mineralisation from surface applied clover residue. Plant Soil 189, 127-137. 
Radke, J.K., Shaffer, M.J., Saponara, J., 1991. Application of Nitrogen-Tillage-Residue-
management (NTRM) model to low input and conventional agricultural systems. Ecol. 
Modell. 55, 241-255. 
Ramesh, P., Panwar, N.R., Singh, A.B., Ramana, S., Subba Rao, A., 2009. Impact of 
organic-manure combinations on the productivity and soil quality in different 
cropping systems in central India.J. Plant Nutr. Soil Sci.172,577-585. 
Randhawa, A.S., Dhillon, S.S., Singh, D., 1981. Productivity of wheat varieties, as 
influenced by the time of sowing. J. Res. Punjab Agric. Univ. 18, 227-233. 
Rasool, R., Kukal, S.S., Hira, G.S., 2008. Soil organic carbon and physical properties as 
affected by long-term application of FYM and inorganic fertilisers in maize-wheat 
system. Soil Till Res. 101, 31-36. 
Recous, S., Robin, D., Darwis, D., Mary, B., 1995. Soil inorganic N availability: effect on 
maize residue decomposition. Soil Biol. Biochem. 12, 1529-1538. 
Reddy, A.R., Sen, C., 2004.Technical efficiency in rice and wheat production and its 
relationships with farm specific socio-economic characteristics. Indian J. Agric. 
Econ. 59, 259-267. 
Reddy, D.D., Rao, A.S., Takkar, P.N., 1999. Effects of repeated manure and fertiliser 
phosphorus additions on soil phosphorus dynamics under a soybean-wheat 
rotation. Biol. Fertil. Soils 28, 150-155. 
Reddy, D.D., Subba Rao, A.S., Rupa, T., 2000. Effects of continuous use of cattle manure 
and fertiliser phosphorus on crop yields and soil organic phosphorus in a Vertisol. 
Bioresou. Technol. 75, 113-118. 
xxix 
 
Reddy, N., Crohn, D.M., 2014. Effects of soil salinity and carbon availability from organic 
amendments on nitrous oxide emissions. Geoderma, 235-236, 363-371.  
Richards, J.E., 1993. Chemical characterization of plant tissue. In: Carter, M.R. (Ed.), Soil 
Sampling and Methods of Analysis. Lewis Publishers, Boca Raton, FL, pp. 115-139. 
Rickman, R.W., Douglas Jr., C.L., Albrecht, S.L., Bundy, L.G., Berc, J.L., 2001. CQESTR: 
a model to estimate carbon sequestration in agricultural soils. J. Soil Water Conserv. 
56, 237-242. 
Rijtema, P.E., Kroes, J.G., 1991. Some results of nitrogen simulations with the model 
ANIMO. Fert. Res. 27, 189-198. 
Ritchi, J.T., Godwin, D.C., Otter-nacke, S., 1986. CERES-Wheat: A simulation model of 
wheat growth and development. CERES model description. Depratment of Crop and 
Soil Science, Michigan State University, East Lansing. 
Robertson, K., Schnürer, J., Clarholm, M., Bonde, T.A., Rosswall, T., 1988. Microbial 
biomass in relation to C and N mineralisation during laboratory incubations. Soil Biol. 
Biochem. 20, 281-286. 
Robertson, M.J., Carberry, P.S., Lucy, M., 2000. Evaluation of a new cropping option 
using a participatory approach with on-farm monitoring and simulation: a case study 
of spring-sown mungbeans. Aust. J. Agric. Res. 51, 1-12. 
Ross, D.J., Cairns, A., Pansier, E.A., Bridger, B.A., 1979. Nitrogen availability in some 
soils from tussock grasslands and introduced pastures. 4. Further factors influencing 
ryegrass growth and soil nitrogen mineralisation in glasshouse experiments. N. Z. J. 
Sci. 22, 151-159. 
Rowell, D.M., Prescott, C.E., Preston, C.M., 2001. Decomposition and nitrogen 
mineralisation from biosolids and other organic materials: Relationship with initial 
chemistry. J. Environ. Qual. 30, 1401-1410. 
Rowland A.P., Roberts J.D., 1994. Lignin and cellulose fractionation in decomposition 
studies using acid-detergent fibre methods. Comm. Soil Sci. Plant Analys. 25, 269-
277. 
Rutherford, P.M., Juma, N.G., 1992. Simulation of protozoan-induced mineralisation of 
bacterial carbon and nitrogen. Can. J. Soil Sci. 72, 201-216. 
Saetre, P., Stark, J.M., 2005. Microbial dynamics and carbon and nitrogen cycling 
following re-wetting of soils beneath two semi-arid plant species. Oecologia 142, 247-
260. 
Saffih-Hdadi, K., Mary, B., 2008. Modelling consequences of straw residues export on soil 
organic carbon. Soil Biol. Biochem. 40, 594-607. 
xxx 
 
Saggar, S., Giltrap, D.L., Li, C., Tate, K.R., 2007. Modelling nitrous oxide emissions from 
grazed grassland in New Zealand. J. Agric. Ecosyst. Environ. 119, 205-216. 
Salazar, F.J., Chadwick, D., Pain, B.F., Hatjch, D., Owen, E., 2005. Nitrogen budgets for 
three cropping systems fertilized with cattle manure. Bioresour. Technol. 96, 235-245.   
Sall, S., Bertrand, J., Chotte, J.L., Recous, S., 2007. Separate effects of the biochemical 
quality and N content of crop residues on C and N dynamics in soil. Biol. Fertil. Soils 
43, 797-804. 
Salvagiotti, F., Cassman, K.G., Specht, J.E., Walters, D.T., Weiss,A., Dobermann, A., 
2008.  Nitrogen uptake, fixation and response to fertiliser N in soybeans: A review. 
Field Crops Res. 108, 1-13.  
Sammi Reddy, K., Kumar N, Sharma, A.K., Acharya, .C.L., Dalal, R.C., 2005. Biophysical 
and sociological impacts of farmyard manure and its potential role in meeting crop 
nutrient needs: a farmers’ survey in Madhya Pradesh, India. Australian J. 
Experimental Agric. 45, 357-367. 
Sammi Reddy, K., Mohanty, M., Rao, D.L.N., Singh, M., Dalal, R.C., Subba Rao, A., 
Pandey, M., Menzies, N., 2008. Nitrogen Mineralisation in a Vertisol from organic 
manures, green manures and crop residues in relation to their quality. Agrochimica 
52, 377-388. 
Sarkar, S., Singh, S.R., Singh, R.P., 2003. The effect of organic and inorganic fertilisers 
on soil physical condition and the productivity of a rice-lentil cropping sequence in India. 
J. Agric. Sci. 140, 419-425. 
Scheid, S., Gunthardt-Goerg, M.S., Schulin, R., Nowack, B., 2009.  Accumulation and 
solubility of metals during leaf litterdecomposition in non-polluted and polluted soil. 
Eur. J. Soil Sci. 60, 613–621. 
Scheller, E., Joergensen, G.R., 2008. Decomposition of wheat straw differing in nitrogen 
content in soils under conventional and organic farming management. J. Plant Nutr. 
Soil Sci. 171, 886-892. 
Schimel, J.P., Bennett, J., 2004. Nitrogen mineralisation: challenges of a changing 
paradigm. Ecology 85, 591-602. 
Schimel, J.P., Helfer, S., Alexander, I.J., 1992. Effects of starch additions on N turnover in 
Sitkaspruce forest floor. Plant Soil 139, 139-143. 
Schjønning, P., Thomsen, I.K., Moldrup, P., Christensen, B.T., 2003. Linking soil microbial 
activity to water- and air-phase contents and diffusivities.Soil Sci. Soc. Am. J. 67, 
156-165. 
xxxi 
 
Schomberg, H.H., Steiner, J.L., Unger, P.W., 1994. Decomposition and nitrogen dynamics 
of crop residues: Residue quality and water effects. Soil Sci. Soc. Am. J. 58, 372-381. 
Seligman, N.G., van Keulen, H., 1981. PAPRAN: a simulation model of annual pasture 
production limited by rainfall and nitrogen, In: Frissel, M.J., van Veen, J.A., (Eds.), 
Simulation of Nitrogen Behavior of Soil-Plant Systems. PUDOC, Wageningen, The 
Netherlands, pp. 192-221. 
Seneviratne, G. 2000. Litter quality and nitrogen release in tropical agriculture: A synthesis. 
Biol. Fertil. Soils 31, 60-64. 
Seneviratne, R., Wild, A., 1985. Effect of mild drying on the mineralisation of soil nitrogen. 
Plant Soil 84, 175-179. 
Seyfried, M.S., Rao, P.S.C., 1988. Kinetics of nitrogen mineralisation in Costa Rican soils: 
model evaluation and pretreatment effects. Plant Soil 106, 159-169. 
Shaffer, M.J., Larson, W.E., 1987. NTRM, a soil-crop simulation model for nitrogen, tillage, 
and crop residue management.USDA-ARS Conserv. Res. Rep. pp. 34-41. 
Shaffer, M.J., Ma, L., Hansen, S., (Eds.) 2001. Modeling carbon and nitrogen dynamics for 
soil management. Lewis Publ., New York. 
Shaffer, M.J.,Halvorson, A.D., Pierce, F.J., 1991. Nitrate leaching and economic analysis 
package (NLEAP): model description and application. In: Follet, R.F., Keeney, D.R., 
Cruse, R.M., (Eds.), Managing nitrogen in ground water quality and farm profitability. 
Soil Science Society of America, Madison, WI, chap. 13, pp. 285-322. 
Sharma  A. R., Behera, U.K., 2010. Green leaf manuring with prunings of Leucaena 
leucocephala for nitrogen economy and improved productivity of maize (Zea mays)–
wheat (Triticum aestivum) cropping system. Nutr.Cycl.Agroecosys. 86, 39-52. 
Sharma, K.L., Grace, J.K., Srinivas, K., Venkateswarlu, B., Korwar, G.R., Sankar, G.M., 
Mandal, U.K., Ramesh, V., Bindu, V.H., Madhavi, M., Gajbhiye, P.N., 2009. Influence 
of tillage and nutrient sources on yield sustainability and soil quality under sorghum-
mung bean system in rainfed semi-arid tropics. Comm. Soil Sci. Plant Anal. 40, 2579-
2602. 
Shen, Q., Wang, Y., Chen, W., Shi, R., 1997. Changes of soil microbial biomass C and P 
during wheat growth after application of fertilisers. Pedosphere 7, 225-230. 
Shwetha, B.N., Babalad, H.B., Patil, R.K., 2009. Effect of combined use of organics in 
soybean-wheat cropping system. J. Soils Crops 19, 8-13. 
Sierra, J., 1990. Analysis of soil nitrogen mineralisation as estimated by exponential 
models. Soil Biol. Biochem. 22, 1151-1153. 
xxxii 
 
Sikora, L.J., Szmidt, R.A.K., 2001. Nitrogen sources, mineralisation rates, and nitrogen 
nutrition benefits to plants from composts.  In: Stoffella, P.J., Kahn, B.A. (Eds.), 
Compost utilization in horticultural cropping systems. Lewis Publ., New York, pp. 
287-305.  
Silvapalan, K., Fernando, R., Thenabadu, M.W., 1985. N-mineralisation in polyphenol-rich 
plant residues and their affect on nitrification of applied ammonium sulphate. Soil Biol. 
Biochem.17, 547-551. 
Sims, J.T., 1986. Nitrogen transformations in a poultry manure amended soil: 
Temperature and moisture effects. J. Environ. Qual. 14, 59-63. 
Singh, P., Vijaya, D., Chinh, N.T., Pongkanjana, Aroon, Prasad, K.S., Srinivas, K., and 
Wani, S.P., 2001. Potential productivity and yield gap of selected crops in the rainfed 
regions of India, Thailand, and Vietnam. Natural Resource Management Program, 
Report No. 5. Patancheru 502 324, Andhra Pradesh, India: International Crops 
Research Institute for the Semi-Arid Tropics. 50p. 
Singh Haer, H., Benbi, D.K., 2003. Modeling nitrogen mineralisation kinetics in arable soils 
of semiarid India.Arid Land Res. Manage. 17, 153-168, 
Singh, J.P., Kumar, V., Dahiya, D.J., 1996. Nitrogen mineralisation potential of Haryana 
soils and its relationship with various soil properties. Ann. Biol. (Ludhiana), 12, 25-30. 
Singh, M., Tripathi, A.K., Kundu, S., Takkar, P.N., Singh, M., 1999. Nitrogen requirement 
of soybean(Glycinemax) – wheat (Triticum aestivum) cropping system and 
biological N fixation as influenced by integrated use of fertiliser N and farmyard 
manure in Typic Haplustert. Indian J. Agric. Sci. 69, 379-381. 
Singh, P., Alagarswamy, G., Hoogenboom, G., Pathak, P., Wani, S.P., Virmani, S.M., 
1999. Soybean-chickpea rotation on Vertic Inceptisols II. Long-term simulation of 
water balance and crop yields. Field Crops Res. 63, 225-236. 
Singh, S., Batra, R., Mishra, M.M., Kapoor, K.K., Goyal, S., 1992. Decomposition of paddy 
straw in soil and the effect of straw incorporation in field on the yield of wheat. J. 
Plant Nutri. Soil Sci. 155, 307-311. 
Singh, Y., Singh, B., Maskina, M.S., Meelu, O.P., 1988. Effect of organic manures, crop 
residues and green manure (Sesbania aculeata) on nitrogen and phosphorus 
transformations in a sandy loam at field capacity and under waterlogged conditions. 
Biol. Fertil. Soils 6, 183-187. 
Six, J., Elliott, E.T., Paustian, K., 2000a. Soil macro-aggregate turnover and micro-
aggregate formation: a mechanism for C sequestration under no-tillage agriculture. 
Soil Biol. Biochem. 32, 2099-2103. 
xxxiii 
 
Skjemstad, J.O., Spouncer, L.R., Cowie, B., Swift, R.S., 2004. Calibration of the 
Rothamsted organic carbon turnover model (RothC ver. 26.3), using measurable soil 
organic carbon pools. Aust. J. Soil Res. 42, 79-88. 
Smith, J., Smith, P., Addiscott, T., 1996.Quantitative methods to evaluate and compare 
soil organic matter models. In: Powlson, D.S., Smith, P, Smith, J.U., (Eds.), 
Evaluation of soil organic matter models. Springer-Verlag, Berlin, pp. 181-199. 
Smith, J.L., Schnabel, R.R., McNeal, B.L., Campbell, G.S., 1980. Potential errors in the 
first-order model for estimating soil nitrogen mineralisation potentials. Soil Sci. Soc. 
Am. J. 44, 996-1000. 
Smith, K.A., Chambers, B.J., 1993. Utilizing the N content of organic manures on farms-
problems and practical solutions. Soil Use Manage. 9, 105-111. 
Smith, P., Smith, J.U., Powlson, D.S., McGill, W.B., Arah, J.R.M., Chertov, O.G., Coleman, 
K., Franko, U., Frolking, S., Jenkinson, D.S., Jensen, L.S., Kelly, R.H., Klein-
Gunnewiek, H., Komarov, A.S., Li,C., Molina, J.A.E., Mueller, T., Parton, W.J., 
Thornley, J.H.M., Whitmore, A.P., 1997. A comparison of the performance of nine 
soil organic matter models using datasets from seven long-term experiments. 
Geoderma, 81, 153-225. 
Sommer, R., Bossio, D., 2014. Dynamics and climate change mitigation potential of soil 
organic carbon sequestration. J. Environ. Manage. 144, 83-87. 
Soon, Y.K., Arshad, M.A., 2002. Comparison of the decomposition and N and P 
mineralisation of canola, pea and wheat residues. Biol. Fertl. Soils 36, 10-17. 
SOPA, 2012. The soybean processors association of India, Indore, Madhya Pradesh, 
http://www.sopa.org/DATA/Crop Estimate Kharif 202012 PR.pdf. 
Stanford, G., Carter, J.N., Westerman, D.T., Reisinger, J.J., 1977. Residual nitrate and 
mineralizable soil nitrogen in relation to nitrogen uptake by irrigated sugar beets. 
Agron. J. 69, 303-308. 
Stanford, G., Frere, M.H., Schwaninger, D.H., 1973. Temperature coefficient of soil 
nitrogen mineralisation. Soil Sci. 115, 321-323. 
Stanford, G., Smith, S.J., 1972. Nitrogen mineralisation potentials of soils.Soil Sci. Soc. 
Am. Proc. 36, 465-472. 
Stange, F., Butterbach-Bahl, K., Papen, H., Zechmeister-Boltenstern, S., Li, C., Aber, J., 
2000. A process oriented model of N2O and NO emissions from forest soils: sensitivity 
analysis and validation. J. Geophys. Res. 105, 4385-4398. 
Stark, J.M., Firestone, M.K., 1995. Mechanisms for soil moisture effects on activity of 
nitrifying bacteria. Appl. Environ. Microbiol. 61, 218-221 
xxxiv 
 
Subba Rao, A., Srivastava, S., 2001. Soil test based fertiliser recommendation for 
targeted yields of crops. In : Proceedings of the National Seminar on Soil Testing 
for Balanced and Integrated use of Fertilisers and Manures, Indian Institute of Soil 
Science, Bhopal, India, pp. 1-326. 
Sundaram, K.P., 2001. Nutrient mining-emerging scenarios. Ferti. News, 46, 11-12. 
Sutton, A.L., 1994. Managing animal wastes: proper animal manure utilization. J. Soil 
Water Conserv. 49, 57-61. 
Tabatabai, M.A., Al-Khafaji, A.A., 1980. Comparison of nitrogen and sulfur mineralisation 
in soils. Soil Sci. Soc. Am. J. 44, 1000-1006. 
Tachimoto, M. 1995. Studies on utilization of sewage sludge as compost: decomposing 
process of sewage sludge in soil and its effects on plant growth. Bull RIAR 4, 60-74. 
Talathi, M.S., Pinjari, S.S., Ranshur, N.J., Bhondave, T.S., Suryawanshi, J.S., 
2009.  Productivity and economics of rice groundnut cropping system under 
integrated nutrient management. Int. J. Agric. Sci. 5, 472-476. 
Talpaz, H., Fine, P., Bar-Yosef, B., 1981. On the estimation of N mineralisation 
parameters from incubation experiments. Soil Sci. Soc. Am. J. 45, 993-996. 
Tang, H., Qiu, J., Van Ranst, E., Li, C., 2006. Estimation of soil organic carbon storage in 
cropland of China based on DNDC model. Geoderma 134, 200-206. 
Tanner, C.B., Sinclair, T.R., 1983. Efficient water use in crop production: research or re-
research? In: Taylor, H.M. (Ed.), Limitations to Efficient Water Use in Crop Production. 
ASSA, CSSA, SSSA, Madison, WI, pp. 1–27. 
Taylor, B.R., Parkinson, D., Parsons, W.F.J., 1989. Nitrogen and lignin content as 
predictors of litter decay rates: A microcosm test. Ecology 70, 97-104. 
Thuriès, L., Pansu, M., Larré-Larrouy, M.-C., Feller, C., 2002. Biochemical composition 
and mineralisation kinetics of organic inputs in a sandy soil. Soil Biol. Biochem. 34, 
239-250. 
Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in Soils. J. 
Soil Sci. 33, 141-163. 
Trehan, S.P., Wild, A., 1993. Effects of an organic manure on the transformations of 
ammonium nitrogen in planted and unplanted soil. Plant Soil 151, 287-294. 
Trinsoutrot, I., Recous, S., Bentz, B., Linéres, M., Chéneby, D., Nicolardot, B., 2000. 
Biochemical quality of crop residues and carbon and nitrogen mineralisation kinetics 
under nonlimiting nitrogen conditions. Soil Sci. Soc. Am. J. 64, 918-926. 
Tripathi, K.P., Mishra, B., 2001. Kinetics of N mineralisation during rice straw 
decomposition in the soils. J. Indian Soc. Soil Sci. 49, 56-61.  
xxxv 
 
Tuomi, M., Vanhala, P., Karhu, K., Fritze, H., Liski, J., 2008. Heterotrophic soil respiration 
- comparison of different models describing its temperature dependence. Ecol. Model. 
211, 182-190. 
Van Gestel, M., Ladd, J.N., Amato, M., 1991. Carbon and nitrogen mineralisation from two 
soils contrasting texture and micro-aggregates stability: influence of sequential 
fumigation, drying ad storage. Soil Biol. Biochem., 23, 313-322. 
Van Ittersum MK, Rabbinge R., 1997. Concepts in production ecology for analysis and 
quantification of agricultural input- output combinations. Field Crops Res. 52, 197–
208. 
Van Kessel, J.S., Reeves, J.B., Meisinger, J.J., 2000. Nitrogen and carbon mineralisation 
of potential manure compounds. J. Environ. Qual. 29, 1669-1677. 
van Veen, J.A., Frissel, M.J., 1981. Simulation model of the behavior of N in soil. In: 
Frissel, M.J., Van Veen, J.A., (Eds.), Simulation of nitrogen behavior of soil plant 
systems. Pudoc, Wageningen, pp 126-14. 
Vanlauwe, B., Gachengo, C., Shephard, K., Barrios, G., Cadisch, G., Palm, C.A., 
2005.Laboratory validation of a resource quality-based conceptual framework for 
organic matter management.Soil Sci. Soc. Am. J. 68, 1135-1145. 
Vásquez-Murrieta, M.S., Migueles-Garduño, I., Franco-Hernández, O., Govaerts, B., 
Dendooven, L.2006. C and N mineralization and microbial biomass in heavy-metal 
contaminated soil. Eur. J. Soil Biol. 42, 89-98. 
Venkateswarlu, B., Prasad, J. V. N. S., 2012. Carrying capacity of Indian agriculture: 
issues related to rainfed agriculture. Curr. Sci. 102, 882-886. 
Verberne, E.L.J., Hassink, J., de Willigen, P., Groot, J.J.R., van Veen, J.A., 1990. 
Modelling organic matter dynamics in different soils. Neth. J. Agric. Sci. 38, 221-238. 
Vereecken, H., Vanclooster, M., Swerts, M., Diels, J., 1991. Simulating water and nitrogen 
behavior in soils cropped with winter wheat. Fert. Res. 27, 233-243. 
Vinolas, L.C., Healey, J.R., Jones, D.L., 2001. Kinetics of soil microbial uptake of free 
amino acids. Biol. Fertil. Soils 33, 67-74. 
Wagenet, R.J., Hutson, J.L., 1987. LEACHM: Leaching estimation and chemistry model. A 
process based model for solute movement, transformation, plant uptake and 
chemical reaction in the unsaturated zone. Continuum vol. 2, Water Resource 
Institute, Cornell University, Ithaca, NY. 
Walkley, A., Black, I.A., 1934. An examination of the Determining method for determining 
soil organic matter and a proposed modification of the chromic acid titration method. 
Soil Sci. 37, 29-32. 
xxxvi 
 
Wang, J.Y., 1960. A critique of the heat unit approach to plant response studies. Ecology 
41, 785-790. 
Wang, E., Robertson, M.J., Hammer, G.L., Carberry, P.S., Holzworth, D., Meinke, H., 
Chapman, S.C., Hargreaves, J.N.G., Huth, N.I., McLean, G., 2002. Development of a 
generic crop model template in the cropping system model APSIM. Eur. J. Agron.18, 
121-140.  
Wang, W.J., Baldock, J., Dalal, R.C., Moody, P.W., 2004. Decomposition dynamics of 
plant materials in relation to nitrogen availability and biochemistry determined by 
NMR and wet-chemical analysis. Soil Biol. Biochem. 36, 2045-2058. 
Wang, W.J., Smith, C.J., Chen, D., 2003. Towards a standardized procedure for 
determining the potentially mineralizable nitrogen of soil. Biol. Fertil. Soils 37, 362-
374. 
Wedin, D.A., Tilman, D., 1990. Species effects on nitrogen cycling: A test with perennial 
grasses. Oecologia 84, 433-441. 
Whalen, J.K., Chang, C., Olson, B.M., 2001. Nitrogen and phosphorus mineralisation 
potentials of soils receiving repeated annual cattle manure applications. Biol. Fertil. 
Soils 34, 334-341. 
Whitmore, A.P., Coleman, K.W., Bradly, N.J., Addiscott, T.M., 1991. Simulation of nitrogen 
in soil and winter wheat crops: modelling nitrogen turnover through organic matter. 
Fert. Res. 27, 283-291. 
William, J.R., Renard, K.G., 1985. Assessment of soil erosion and crop productivity with 
process model (EPIC). In: Soil erosion and crop productivity, Follet, R.F., Stewart, 
B.A., (Eds.), Am. Soc. Agron. , Madison, WI, chap, 5, pp. 68-102. 
Williams, J.R., Dyke, P.T., Jones, C.A., 1983. EPIC: a model for assessing the effects of 
erosion on soil productivity. In: Analysis of ecological systems: state-of-the-art in 
ecological modeling, Laurenroth, W.K., (Ed.), Elsevier, Amsterdam, pp. 553-572. 
Yamashita, T., Flessa, H., John, B., Helfrich, M., Ludwig, B., 2006. Organic matter in 
density fractions of water-stable aggregates in silty soils: effect of land use. Soil Biol. 
Biochem. 38, 3222-3234. 
Yang, R., Zhou, J.B., Zhao, M.X., 2007. Contents of soluble organic nitrogen in soil and its 
influencing factors.Chinese J. Soil Sci.38, 15-18.  
Yeluripati, J.B., Li, C., Frolking, S., Nayak, D.R., Adhya, D.K., 2006. Field validation of 
DNDC model for methane and nitrous oxide emissions from rice-based production 
systems of India. Nutr. Cycl. Agro-Ecosyst. 74, 157-174. 
xxxvii 
 
Zadoks, J.C., Chang, T.T., Konzak, C.F., 1974. A decimal code for the growth stages of 
cereals. Weed Res. 14, 415-421. 
Zhang, J., Sui, X., Li, B., Su, B., Li, J., Zhou, D., 1998. An improved water use efficiency 
for winter wheat grown under reduced irrigation. Field Crops Res. 59, 91-98. 
Zhang, X.,You, M.,Wang, X., 1999. Effects of water deficits on winter wheat yield during its 
different development stages. Acta Agric. Boreali-Sinica 14, 79-83. 
Zhou, J.B., Chen, Z.J., Zheng, X.F., 2005. Soluble organic nitrogen in soil and its roles in 
the supply and transformation of N. Chinese J. Soil Sci.36, 244-248. (in Chinese). 
Zmora-Nahum, S., Markovitch, O., Tarchitzky, J., Chen, Y., 2005. Dissolved organic 
carbon (DOC) as a parameter of compost maturity. Soil Biol. Biochem. 37, 2109-
2116. 
Zotarelli, L., Alves, B.J.R., Urquiaga, S., Boddey, R.M., Six, J., 2007. Impact of tillage and 
crop rotation on light fraction and intra-aggregate soil organic matter in two 
Oxisols.Soil Till. Res. 95, 196-206. 
 
